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Magnetic thin films, thin film heterostructures and superlattices have generated . 
tremendous technological and scientific interest in recent years. Fascinating effects 
such as giant magnetoresistance, oscillatory exchange coupling, tunneling 
magnetoresistance and magnetocrystalline anisotropy have been discovered in such 
artificial structures. These effects find applications in a variety of technologies such 
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as magnetic data storage, magnetic memories, magnetic sensors etc. The field of 
magnetic thin films is also being enriched by the discovery of new materials such as half 
metallic ferromagnets, layered perovskites and dilute magnetic semiconductors. In 
this thesis we focus on interlayer exchange coupling (lEC) and giant 
magnetoresistance {GMR) in thin film multilayers of transition metal oxides. 

While the phenomena of lEC and GMR have been studied extensively in 
the case of 3 d - transition metal based superlattices such as Fe - Cr, studies of 
the effects of artificially introduced periodicity on transport and magnetization in 
oxide-based multilayers is an emerging field of research. This thesis focuses on two 
types of superlattices of the ferromagnetic manganite Lao.TCao^sMnO 3 {LCMO). In 
one case the spacer thin films are of LaNiOs {LNO) which is a metallic and non- 
magnetic perovskite with good lattice match with LCMO. The spacer material in the 
second multilayer system is Ero.TSro.sMnOs (ESMO) which has paramagnetic and 
insulating ground state. 

In chapter 1 of the thesis, we review some basic aspects of transport and 
magnetism in 3 d - transition metal-based superlattices. This is followed by a summary 
of some general properties of the mixed valence manganites and recent research on 
magnetic ordering and magnetotransport in a variety of manganite based thin film 
heterostructures and multilayers. 

Chapter 2 describes the methodology used to prepare laser ablation targets and 
fabrication of thin films and multilayers using pulsed laser deposition. This is followed 
by a description of instrumentation developed and used to study the structural and 
physical properties of thin films and multilayers. 

Chapter 3 presents detailed studies of thickness dependence of the resistivity 
and magnetoresistance in thin films of Lao.7Cao.3MnO 3. The structural and physical 
properties of thin films of the perovskite manganites depend sensitively on deposition 
parameters, crystallinity, strain and thickness. We have monitored the change in 
lattice parameter due to lattice mismatch induced strain and thicknesses using X - 
ray diffraction. These changes in the structure affect resistivity and magnetoresistance 
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of the films. Wt not6 thnt at lower thickness the resistivity of the films is highly 
sensitive to the substrate induced stress and roughness. Xhese factors manifest 
themselves as enhanced residual resistivity, suppressed Tc and insulating behavior 
at low temperatures. We also note that the overall quality of films is better on 
SrTiOs substitute. It improves further, if a TiOs terminated surface is realized through 
suitable etching. 

Chapter 4 deals with the characterization of thin films of LaNiOs and 
ErQ,TSro. 3 Mn 03 used as spacer layers in the superlattices. The nicolate is 
a paramagnetic metal while Ero.rSrp.sMnOs is a paramagnetic insulator. These 
compounds show negligible cliange in resistance in the presence of a magnetic field. 
We compare the resistivity of ultra - thin films of LaNiOs deposited on LaAlOs with 
SrTiOs and Lao.rCco.sMnOs buffer layers. 

Chapter 5 describes the crystallographic structure, and the temperature and 
magnetic field dependent resistivity of LCMO/LNO superlattices grown on LaAlOs 
and SrTiOs substrates as a function of spacer layer thickness. The normal-to-the- 
plane lattice parameter of the superlattices deposited on LaAlOs approaches the 
bulk value as the spacer layer thickness increases. While on SrTiOs it shows a 
negligible variation. The electron transport in superlattices with the spacer layer 
thickness < 4 cell is characterized by a thermally activated resistivity and a 
large magnetoresistance at low temperatures. As the spacer layer thickness increases 
above four unit cell, the thermally activated behavior is suppressed. A parallel resistor 
model, which explicitly takes into account the interfacial disorder in each unit of the 
superlattice, correctly reproduces the broad features of the resistivity curves. The 
field dependent resistivity for samples with lower spacer layer at lowest temperatures 
show a magnetorelaxor - type of behavior. 

In chapter 6 we present the changes in magnetization and magnetotransport 
properties as the magnetic layer thickness is increased to 20 u.c.. Here the electronic 
transport shows a transition from the transport behavior of the ferromagnetic layer to 
that of the non-magnetic spacer layer as the spacer layer thickness increases from 1 u. c. 
to 10 u.c. . The saturation field and remnant magnetization show antiferromagnetic 
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interlayer coupling for n w ^ followed by an overdamped oscillatory behavior with 
period of ~ 4 u.c. with the increasing spacer layer thickness. The low temperature 
magnetoresistance of the antiferromagnetically - coupled superlattices is characterized 
by a steep increase up to a critical field, whereas in the ferromagnetically coupled 
samples the magnetoresistance rises monotonically. 

In chapter 7 we examine the perpendicular-to-plane magnetoresistance of the 
LCMO/LNO superlattices by sandwiching them between two YBa2 Cus O7 electrodes. 
The perpendicular-to-plane magnetoresistance in the temperature window of 20 K to 
80 K is larger by a factor ~ i5 compared to the magnetoresistance parallel to film 
plane. 

In chapter 8 we report electrical and magnetic behavior of LCMO/ESMO 
superlattices. The magnetoresistance at the lowest temperatures rises with the increase 
in spacer layer thickness, and approaches 100 % in samples with 10 u.c. thick spacer 
layer. At the lowest temperatures the magnetoresistance also shows a steep increase 
up to a critical field which shifts to the higher values with the increasing spacer layer 
thickness. These samples also show a giant loss of magnetic moment per Mn site 
in Lao.TCao.sMnOs, as the spacer layer thickness is increased. This phenomenon is 
a signature of spin frustration at interlayer. In these samples the zero-field-cooled 
hysteresis loop is symmetric around the zero field and field-cooled hysteresis loop 
shifted towards the negative fields. 

In chapter 9 we present the summary of the work and identify scope for further 
research. 



Acknowledgements 


P re-doctoral requirements and thesis research are the unbroken structure of 
PhD program in IITK. The pre-doctoral period, is the indelible part of my PhD 
program because of the following two reasons; (z) on several occasions the physicist 
have shown how they make the academic status of a student, and (n) without my 
concern DPGC members have decided my research project and that was developed 
the worst part of my PhD program. I was at the rim to leave IITK. Before coming 
to final decision I have met to a physicist who can make the good academic record of 
a student, this thesis is an example. 

All of the work described in this thesis grew from the inspirations and sug- 
gestions of Professor Ramesh Chandra Budhani. Under his supervision I have gained 
experience in design and fabrication of cryogenic experiment. I am fortunate to work 
with him with broadening opportunities. I would like to express my deep and sincere 
gratitude to Professor Budhani. 

I would like to thank R. P. S. M. Lobo of Laboratoire de Physique du Solide, 
Ecole Suprieure de Physique et Chime Industrielles de la Ville de Paris, CNRS UPR 
5, 75231 Paris Cedex 5, France for measuring magnetization. 

I am very grateful to Profs. Alak Kumar Majumdar, Vishwas N. Kulkarni, K. 
P. Rajeev, V. Subrahmanyam for their suggestions and advices at several occasions. 




Acknowledgements 


viii 

I sincerely thank to all post doc fellows, research scholars, research assistants 
and M.Sc. students of my laboratory who made possible and successful outcomes of 
this research project. 

I express my thanks to the people of physics office, physics workshop, central 
workshop, glass-blowing center, and liquid helium plant and liquid nitrogen plant for 
their vital support at several occasions to make the project successful. 

Finally I would like to thank my parent, sisters and brother for raising me in 
an environment where creativity and a love for education were encouraged. I would 
especially like to thanks for the efforts of my family during the self-finance stage of 
my doctoral program. 



To 

My Parents 



X 




List of Publications 


• Prahailad Padhan and R. C. Budhani. 

Perpondicular-to-plane magnetoresistance in Lao,TCao. 3 MnOsl LaNiOs 
sup('rlatti<X's; The effects of interfacial disorder and spin diffusion on charge 
transport. 

(Communicated) 

• Prahailad Padhan, R. C. Budhani and R. Lobo 

Overdamped interlayer exchange coupling and disorder dominated 
magnetoresistance in Loo.rCao.sMnOsjLaNiOs superlattices. 

(Europhysics Lett, in Press) 

• Prahailad Padhan and R. C. Budhani 

Interfacial disorder driven metal-insulator transition and enhanced low 
temperature magneto resistance in Lao.rCao.sMnOs/LaNiOs superlattices. 
Phys. Rev. B 67, 024414 (2003) 

• Navneet K. Pandey, Prahailad Padhan and R. C. Budhani 

Percolative transport in the vicinity of charge - order ferromagnetic transition 
in a hole-doped manganites. 

PRAMANA - journal of physics, 58, 1075 (2002) 

• R. C. Budhani, N. K. Pandey, P. Padhan, S. Srivastava and R. Lobo 
Electric and magnetic field driven non-linear charge transport and magnetic 
ordering in epitaxial thin films of PrCaSrMnOs- 

Phys. Rev. B 65, 14429 (2002) 



List of Publications 


P. Padhan, N. K. Pandey, S. Srivastava, R. K. Rakshit, V. N. Kulkarni 
and R. C. Budhani 

Transition from double exchange ferromagnetic metal to hysteretic insulator 
mimicking charge-ordering effects in ultra thin films of a perovskite manganite. 
Solid State Commun. 117, 27 (2001) 

S. Srivastava, N. K. Pandey, P. Padhan and R. C. Budhani 

Current switching effects induced by electric and magnetic fields in Sr-substituted 

in PrCaMnO films. 

Phys. Rev. B 62, 13868 (2000) 


Contents 


Synopsis jjj 

Acknowledgements vii 

List of Publications xi 

List of Figures xvii 

1 Introduction 1 

1.1 Introduction 1 

1.2 Transition metal superlattices 3 

1.2.1 The mechanism of oscillatory exchange coupling 3 

1.2.2 The mechanism of giant magnetoresistance 7 

1.3 Transition metal perovskite oxide superlattices 14 

1.3.1 Manganese perovskite oxides 15 

1.3. 1.1 Perovskite Structure 17 

1.3. 1.2 Electronic structure 18 

1.3. 1.3 The magnetic state 20 

1.3. 1.3.1 Superexchange 21 

1.3.1.3.2 Double exchange 21 

1.3. 1.4 Electron transport in hole doped manganites 23 

1.3. 1.5 Charge ordered state at half filling 26 

1.3.2 MR &; lEC in perovskite oxide superlattices 27 

1.4 Motivation for the present work 32 



Contents 

2 Sample fabrication and characterization methods 35 

2.1 Introduction 35 

2.2 Target preparation 36 

2.3 Thin film fabrication 37 

2.3.1 Excimer laser 38 

2.3.2 Deposition Chamber 40 

2.3.3 Substrate surface and epitaxy 40 

2.3.4 Deposition of thin films and Superlattices 41 

2.4 Structural and physical characterization methods 42 

2.4.1 Stoichiometry and Surface morphology 42 

2.4.2 Structural characterization 42 

2.4.3 Transport measurements 44 

2.4.4 Magnetization 47 

2.5 Conclusions 48 

3 Physical properties of thin films of magnetic character 49 

3.1 Introduction 49 

3.2 Results 52 

3.2.1 Rutherford Backscattering, X - ray dififraction and Atomic Force 

Microscopy 52 

3.2.2 Electronic transport: Effect of electric and magnetic fields . . 56 

3.2.2. 1 Effect of substrate surface roughness 63 

3.2.3 Magnetization 64 

3.3 Discussion 66 

3.4 Conclusions 75 

4 Physical properties of metallic and insulating spacer films of 

non-magnetic character 77 

4.1 Paramagnetic metal spacer 77 

4.1.1 Introduction 77 

4.1.2 Results 79 

4. 1.2.1 Rutherford Backscattering and X - ray diffraction . . 79 



Contents 

4. 1.2. 2 Electronic transport g2 

4. 1.2. 3 Magnetic susceptibility 85 

4.1.3 Discussion gg 

4.1.4 Conclusions gg 

4.2 F^aramagnctic insulator spacer 89 

4.2.1 Introduction gg 

4.2.2 Results gg 

4. 2. 2.1 Rutherford backscattering and X - ray diffraction . . 90 

4. 2.2. 2 Electrical resistivity and magnetoresistance 92 

4. 2. 2. 3 Magnetic susceptibility 93 

4.2.3 Discussion 94 

4.2.4 Conclusions 95 

5 Electron transport in LCMO/LNO superlattices with a fixed I/CMO 

layer thickness of 10 unit cells 97 

5.1 Introduction 97 

5.2 Results 98 

5.2.1 X " ray diffraction 98 

5.2.2 Electronic transport 102 

5.2.3 Magnetoresistance 104 

5.3 Discussion Ill 

5.4 Conclusions 116 

6 Overdamped oscillatory coupling and magnetoresistance in 

(LCMO) 2 o/(LNO)„ superlattices 117 

6.1 Introduction 117 

6.2 Results 118 

6.2.1 X - ray diffraction 118 

6.2.2 Electronic transport 120 

6.2.3 Magnetoresistance 121 

6.2.4 Magnetization 126 

6.3 Discussion 129 



Uontents 


i 

6.4 Conclusions 

7 Current - perpendicular to plane (CPP) magnetoresistance of 

LCMO/LNO superlattices 137 

7.1 Introduction 137 

7.2 Results 139 

7.3 Discussion 146 

7.4 Conclusions 148 

8 Magnetoresistance and spin frustration in (LCMO) 2 o/(ESMO)n 

superlattices 149 

8.1 Introduction 149 

8.2 Results 150 

8.2.1 X - ray diffraction 150 

8.2.2 Magnetization 152 

8.2.3 Electrical resistivity and naagnetoresistance 157 

8.3 Discussion 161 

8.4 Conclusions 165 

9 Conclusions and scope for further research 167 

9.1 Fabrication of thin films and superlattices 168 

9.2 Single layer films of magnetic and non-magnetic character 168 

9.3 Colossal magnetoresistance in LCMO/LNO superlattices 169 

9.4 Magnetoresistance of LCMO - ESMO superlattices 170 

9.5 Scope for further research 170 


References 


173 


List of Figures 


1.1 Schematic representation of the sandwich system 4 

1.2 Model of density of states of two ferromagnetic films in interfacial 
contact with a paramagnetic film. Top; In equilibrium the Fermi lev- 
els align. Bottom : When a current is driven through the sandwich 
the voltage drop across the trilayers depends on the orientations of the 
magnetization of the ferromagnetic films. Inset : Configuration of the 
measurement and the sandwich structure. (Figure reproduced from [27].) 11 


1.3 Schematic representation of AMnOs perovskite manganite structure. 18 

1.4 Schematic representation of crystal field splitting of five folds 
degenerate atomic 3d orbitals into three fold t 2 g and two fold tg levels. 

The further splitting due to John-Teller distortion is also shown in the 
figure 20 

1 .5 Schematic representation of different coupling between Mn^'^ and Mn'^ 

ions. In the figure Jh is the Hund coupling and t is the hopping pa- 
rameter 22 


2.1 Panel (a) represents the shcematic diagram of the deposition chamber 

during film deposition. A bulk target used for ablation and a substrate 
mounted on a heater block are shown in panel(b) 39 

2.2 Schematic view of insertable superconducting solenoid assembly. ... 45 

2.3 Schematic diagram of insertable dipstick probe used for transport mea- 
surements 46 

3.1 Rutherford backscattering spectrum of He'^ from the film and sub- 
strate. The sample is a ~ 600 A thick LCMO film deposited on {001) 
oriented STO. The solid line is the RUMP simulated data 53 


3.2 X - ray {0 - 26) scans for LCMO powder sample (curve a) and LCMO 
films deposited on [001) oriented LAO (curve b) and STO (curve c). 
In curve (a) the diffraction lines are indicated by their corresponding 
pseudo-cubic {hkl) values. Curve (b) and (c) show (OOl) and {002^ 
reflections of the substrate and the LCMO film due to AS and Kp 
excitations 



XV 111 


List ot t igures 


3.3 Diffracted X - ray intensity around the (001) peak oi LCMO films 

deposited on LAO and STO (curve a and h respectively). Figure also 
shows the {001) reflected intensity of substrate due to Kaj and Ka^ 
excitations. Inset shows the pseudo-cubic c - axis lattice parameter of 
LCMO Aims deposited on LAO with different thicknesses 55 

3.4 AFM picture of {001 ) surface of ~ 100 u.c. thick LCMO film deposited 

on {001) oriented LAO 56 

3.5 Temperature dependent resistivity of ~ 85 u.c. thick LCMO film 
deposited on {001) oriented (a) LAO and (b) STO. Inset of panel 
(a) and panel (5) show the zero-field resistivity and magnetoresistance 

in 4 tesla field respectively of these two films at different temperatures. 57 

3.6 Panel (a) shows zero-field electrical resistivity of LCMO films of dif- 

ferent thicknesses deposited on {001) oriented LAO. Film thickness is 
written in the units of pseudo-cubic lattice parameter a =■ 3.86 A. The 
inset shows the resistivity of the ~ 55 u.c. and ^100 u.c. thick films 
on LAO at lower temperatures. Zero-field resistivity of LCMO of dif- 
ferent thicknesses deposited on {001) oriented STO is shown in the 
lower panel (b). The inset shows the resistivity of the 55 u.c. and 
'^100 u.c. thick films on STO at lower temperatures 58 

3.7 (a) Temperature dependent electrical resistivity of a ~ 50 u.c. thick 
LCMO film deposited on {001) oriented LAO in presence of 0, 1, 2, 

3 and 4 tesla magnetic field applied parallel to the constant in-plane 
current. Inset shows the resistivity of the same film measured in a con- 
stant voltage mode. The electric fields used are 2000, 4000 and 6000 
V/ cm for curves from the top to bottom respectively, (b) Tempera- 
ture dependent electrical resistivity of a ~ 50 u.c. thick LCMO film 
deposited on {001) oriented STO in presence of 0, 1, 2, 3 and 4 tesla 
magnetic field applied parallel to the constant in-plane current. Inset 
shows the zero-field resistivity plotted on a semilog scale to highlight 

the metallic behavior 59 

3.8 I - V characteristic of a ~ 50 u.c. thick film deposited on {001) 
oriented LAO at different temperatures: (o) at 25 K, both the first and 
repeat scan are shown to highlight the hysteretic behavior in the first 
scan; {b) 25 K data plotted to illustrate the exp{l/E) dependence of 

the resistance; (c) and {d) I - V curves at 55 K and 75 K, respectively. 61 

3.9 Comparison of the zero-field electrical resistivity of ~ 32 u.c. film on 

BHF - treated STO {B - STO), BHF - treated LAO {B - LAO) and 
untreated STO {P - STO). Inset shows the resistivity of ~ 15 u.c. 
films deposited on treated and untreated STO substrates. The film on 
BHF — STO clearly shows a metallic behavior at low temperature. . . 63 

3.10 Panel (a) shows temperature dependent zero-field-cool {ZFC), field- 
cool {FC) magnetization and resistivity of a ~ 100 u.c. thick LCMO 
film deposited on {001) oriented LAO. Panel (b) shows the hysteresis 
loop of the same film. 


65 



List of Figures 


XIX 


3.11 (a) Zero- field room temperature conductivity oi LCMO film grown on 

{001) orient od LAO and STO with different thicknesses. The solid 
curve is the fit to the data using simple parallel resistor model, (b) 
Zerofield conductance of these samples at room temperature. The 
solid line is the fit to the data (see text for detail). Inset of panel (b) 
is the plot of metal insulator transition temperature for different film 
thicknesses gg 

3.12 Temperature dependent magnetoresistance of LCMO films of different 
thicknesses grown on {001) oriented LAO (panel a) and STO (panel 

b) with different thicknesses at 4 tesla in-plane magnetic field 70 

3.13 (a) Polaron activation energy in paramagnetic insulating state of 

100 XL a thick LCMO film grown on {001) oriented LAO and STO 
at different magnetic fields, (b) Polaron activation energy in param- 
agnetic insulating state of LCMO films grown on {001) oriented LAO 
and STO with different thicknesses at zero-field 72 

4.1 Rutherford backscattering spectrum of ions from thin film and 

substrate. The sample is 1000 A thick LaNiOs film deposited on {001) 
oriented SrTiOs. Solid line is the RUMP simulation data 80 

4.2 X - ray 0-26 scans for powder sample of bulk of LNO (curve a) 
and films of ~ 100 u.c. thick LNO deposited on {001) oriented STO 
(curve h). In curve (a) the diffraction lines are indicated by their 
corresponding pseudo-cubic {hkl) values. Curve {b) shows {001) and 
{002) reflection of the film and substrate due to Ka and if ^ excitation. 

Inset {1 ) and {2) show the reflected X - ray intensity around the {001 ) 
peak 81 

4.3 Panel (a) shows zero-field resistivity of ~ 72 u.c. thick LNO film 
deposited on {001) oriented LAO and ^100 u.c. thick film deposited 
on STO. Solid lines are fit to the data for p = p + aT + bT^ . Panel 
(b) shows the zero-field resistivity of ~ 5 u.c. ultra thin films of LNO 
deposited on {001) oriented LAO with 0, 6 and 10 u.c. (curve 3, 2 and 

1 respectively) buffer layer of STO 83 

4.4 Panel (a) shows zero-field electrical resistivity of LNO films of different 

thicknesses deposited on {001) LAO with ~ 20 u.c thick buffer layer 
of LCMO. Inset shows the room temperature resistivity of these films 
with different thicknesses. Panel (b) shows the resistivity of these films 
in 4 tesla magnetic field. Inset shows the MR at 4 of ~ 12 u.c. 
thick LNO film deposited on LAO with ~ 20 u.c. thick buffer layer of 
LCMO 84 

4.5 Temperature dependent zero-field-cooled, field-cooled susceptibility of 
~ 500 u.c. thick LNO film deposited on {001 ) oriented LAO. The solid 

line is a fit to the data using relation x — x{0) + AT^ + CT~^ . ... 86 

4.6 Rutherford backscattering spectrum of He'^ ions from thin film and 
substrate. The sample is 400 A thick Ero.7Sro.3MnO 3 film deposited 

on {001) oriented SrTiOs. Solid line is the RUMP simulation data. . 90 



XX 


List of Figures 


4.7 X - ray $ - 29 scans for powder sample of bulk of ESMO (curve a) 
and films of ~ 500 u. c. thick ESMO deposited on {001 ) oriented LA 0 
and STO (curve b and c respectively). In curve (a) the diffraction lines 
are indicated by their corresponding pseudo-cubic {hkl) values and the 
{hkl) value due to the hexagonal phase of ErMnOs are marked by the 
symbol (*). Curve (6) and (c) show (001) and (002) reflection of the 

film and substrate due to and KP excitation 91 

4.8 Measured and calculated temperature dependent resistivity of 

~ 500 u.c. thick ESMO film deposited on {001 ) oriented LAO at differ- 
ent temperatures. Solid line represents the calculated resistivity using 
small polaron model. The solid line in the inset is the calculated resis- 
tivity using variable range hopping model 92 

4.9 Panel (a) field-cooled magnetic susceptibility of ~ 500 u.c. thick ESMO 
film deposited on {001) oriented LAO at different temperatures. The 
solid line is the fit to the data using the relation x — x{0) + x(T^) + 
x(T~^). Magnetic field dependent zero-field-cooled magnetization of 

this sample is shown in panel (b) 93 

5.1 X - ray diffraction profiles of superlattices with ~ 10 u.c. of 
LCMO and 2, 4>.6, 8 and 10 u.c. of spacer layer {LNO) deposited 
on {001) oriented LAO, curve a, b, c, d and e respectively. The fun- 
damental {001) reflection of the film is marked as ‘O’. The first order 


satellites on either side of this reflection are marked as -I- i and — 1. 

The figure also shows {001) reflection of the substrate due to if 5 and 

Kp excitation 99 

5.2 X - ray diffraction profiles of superlattices with ~ 10 u.c. of 


LCMO and 2, 4, 6, 8 and 10 u.c. of spacer layer {LNO) deposited 
on {001) oriented STO, curve a, b, c, d and e respectively. The fun- 
damental {001) reflection of the film is marked as ‘O’. The first order 
satellites on either side of this reflection are marked as -f i and — 1. 

The figure also shows {001) reflection of the substrate due to K a and 
KP excitation 100 

5.3 c - axis lattice parameters of the superlattices grown on {001 ) oriented 

LAO and STO 101 

5.4 Zero-field in-plane electrical resistivity of superlattices grown on {001) 

oriented LAO with different spacer layer thicknesses. Inset shows re- 
sistivities of samples with n = 6 and 8 at lower temperature in log 
scale 102 

5.5 Zero-field in-plane electrical resistivity of superlattices grown on {001 ) 

oriented STO with different spacer layer thicknesses. Inset shows the 
room temperature resistivities of samples deposited on LAO and STO 
with different spacer layer thicknesses 103 

5.6 In-plane electrical resistivity of superlattices grown on {001) oriented 
LAO at 4 tesla magnetic field with different spacer layer thicknesses. 

Inset shows the magnetoresistance at 100 K for samples deposited on 
LAO and STO with different spacer layer thicknesses 


105 


List of Figures 


XXI 


5.7 In-plane electrical resistivity of superlattices grown on {001) oriented 
STO at 4 tesla in-plane magnetic field with different spacer layer thick- 
nesses. Inset shows the resistivity of the samples at lower temperature 

in log scale ][qq 

5.8 Panel (a) shows the magnetoresistance of superlattices with various 

spacer layer thicknesses grown on {001 ) oriented LAO at different tem- 
peratures. The magnetoresistance of superlattices with various spac- 
ers layer thicknesses grown on {001) STO at different temperatures is 
shown in panel (b) 107 

5.9 (a) Magnetic field dependence of magnetoresistance in n = .^ superlat- 

tice grown on LAO a.t 5 K. The sample was first zero-field-cooled to 
5 K and then the magnetic field was scanned from zero to -H tesla 
followed by cyclic sweeps between ■+ 4 tesla and - 4 tesla. Inset shows 
field dependence of MR at 25 K. (b) 5 K MR of the n = ^ superlat- 
tice grown on LAO. Field sweep directions are shown by arrows. Inset 
shows MR at 25 K. 108 

5.10 Magnetic field dependence of MR inn = 4 superlattice grown on LAO 

at 5 K. The sample was first zero-field-cooled to 5 K and then the 
magnetic field was scanned from zero to -1- tesla followed by five 
cyclic sweeps between + 4 tesla and — 4 tesla 109 

5.11 Panel (a) shows the magnetic field dependence of magnetoresistance in 
n = 4 superlattice grown on STO at 5 K. The sample was first zero- 
field-cooled to 5 K and then the magnetic field was scanned from zero 
to -t- tesla followed by cyclic sweeps between + 4 tesla and — 4 tesla. 

The MR at 25 K and 50 K of the same superlattice is shown in panel 

(b) and (c) respectively. Field sweep directions are shown by arrows. 110 

5.12 (a) A schematic view of the cross section of the superlattice with n= 4- 

Left hand side of the figure shows atomically sharp interfaces. Cross- 
section of the same superlattice with interfacial disorder is shown on 
the right, (b) shows the cross-section of superlattices with n > 4 is in 
the clean (left side) and disordered (right side) limits. The disorder 
is assumed to consume 2 unit cells of the film on both sides of the 
interfaces 113 

5.13 The measured and calculated resistivities of the superlattices with 
n = 5, 6, 8 and 10. The calculation is based on a parallel resistor 
model for a stack of 15 quad layers, each consisting of LCMO, LNO 
and the disordered interfacial phase. The resistivity of the interfa- 
cial phases deduced from p{T) data of the superlattice with n = 4 ^s 
plotted in the inset (a). Inset (b) shows the resistivity of LNO layers 
{p{T) = Po + pi T) obtained from the best fits (see text for detail). 114 



6.1 X - ray intensity around the {001) reflection of the substrate for the 

superlattices {20 u.c LCMO/n u.c. LNO) with n = 4 ^ 

deposited on {001) oriented LAO (curve a and b respectively). The 
{001) reflection of the film is marked as ‘t?’. The first order satellites 
on either side of the reflection are marked as + 1 and — 1. Inset shows 
the c - axis lattice parameter of superlattices as a function of spacer 
layer thickness 119 

6.2 Zero-field, current-in-plane temperature dependent resistivity of 

20 u.c LCMO/n u.c. LNO superlattices deposited on {001) oriented 
LAO with different spacer layer thicknesses. Inset shows the low tem- 
perature part of resistivity of these superlattices with n = 7 and 8 
plotted in log scale 120 

6.3 Current-in-plane resistivity of 20 u.c LCMO/n u.c. LNO superlattices 

deposited on {001 ) oriented LAO with different spacer layer thicknesses 
in presence of 4 tesla magnetic field aligned along the direction of the 
current. Inset shows zero-field resistivity a,t 5 K with different spacer 
layer thicknesses 122 

6.4 Magnetoresistance of 20 u.c LCMO/n u.c. LNO superlattices de- 
posited on LAO measured as a function of temperature at 4 tesla, 
with the field aligned in a Lorentz force free configuration. Magnetore- 
sistance drops precipitously as the thickness of LNO layer is increased 
(note the logarithmic scale). Also a.tT< 20 K drop in MR is prominent 
in samples with thinner LNO layers. Inset shows the MR of different 


superlattices bX 10 K. 123 

6.5 Magnetic field dependence of MR at 50 K for three superlattices with 
m = 20 and n = 2, 4 and 6. Data for a complete field cycle between 
■f 4 tesla and — 4 tesla are shown. The MR at 50 K is completely 
reversible. Solid lines in the figure are fits of the type MR IN. . . 124 


6.6 Magnetoresistance aX 5 K for three superlattices at different magnetic 

fields. Data for a complete field cycle between + 4 tesla and - 4 tesla 
for superlattices with n = 2 and 4 and a part of second field sweep cycle 
for superlattice with n = 4 &re shown. The direction of the magnetic 
field is marked by arrows for the superlattice with n = 2 125 

6.7 Zero-field-cooled and field-cooled magnetization of superlattices 

{20 u.c LCMO/n u.c. LNO) with n— 1, 2, 3, 4i 6 and 8 in 50 Gauss 
magnetic field aligned along the {100) direction of the film 126 

6.8 Magnetic field dependent normalized magnetic moment {Mr/ Ms) of 

superlattices with m= 20 and n= 1, 2, 8, 4, 6 and 8 with magnetic 
field applied along the {001) direction of the samples at 10 K. ... . 127 

6.9 Panel (a) shows variation of the saturation field Hs with LNO spacer 
layer thickness in 20 u.c. LCMO/n u.c. LNO superlattices. The 
ratio of the remnant and saturation moments {Mr/ Ms) for different 
superlattices is shown in the lower panel (b). Solid lines in the figure 
are guide to the eye and the significance of error bars is explained in 
the text. All data were taken at 10 K. 


128 




6.10 LNO spacer layer thickness dependence of the saturation moment per 
Afn ion in the siiperlattices. Xhe dotted line in the figure is a guide to 
the eye and the error bars reflect the uncertainty in the measurements of 
sample dimensions. Inset shows the value of transition temperature of 
superlattice with different spacer layer thicknesses seen in the MR{T) 

and FCM ( T). Solid line in the figure is a guide to the eye 131 

6.11 The measured and calculated resistivities of the superlattices with 

n = 4^ >5, d, 7, 8, 9 and 10. The calculation is based on the Parallel 
Resistor Network model for a stack oi 15 quad layers, each consisting 
of LCMO, LNO and DIP. The resistivity of DIP deduced from the 
p{T) data of superlattice with m = 10 z.nd n = 4 (curve 1) and the 
resistivity of LCMO deduced from the p(T) data of superlattice with 
m - 20 and n = 4 (curve 2) is shown in the inset (a). Inset (b) shows 
the resistivity of LNO layers {p{T) z= + p^T) obtained from the 
best fits 133 


7. 1 Zero-field and in-plane field {4 tesla) resistance of the superlattices with 

n — 4-> 0 and 8 sandwiched between the YBCO electrodes measured 
in the CPP geometry. Inset shows a schematic view of the sandwich 
geometry used to measure CPP - magnetoresistance 140 

7.2 The difference in zero-field and in-field resistance of the n= 4, 6 and 8 
superlattices at 4 in- plane field in the temperature range 100 K 

to 800 K. 141 


7.3 Panel (a) shows the difference in zero-field and in-field resistance 

{R{0) — R{H)) of the n = 6 and 8 superlattices in the superconducting 
transition region. Panel (b) shows the {R{0) — R (H)) of the n = 8 
superlattice at several values of magnetic field in the superconducting 
transition region 142 

7.4 Panel (a) shows the current perpendicular-to-plane resistance of the 

n = 6 and 8 superlattices in the temperature range 4-^ K to 80 K 
measured in zero-field. Panel (b) shows the CPP resistance of the 
n — 8 superlattice at several values {0, 1, 2, 3, and 4 tesla) of the 
in-plane magnetic field 143 

7.5 Panel (a) shows the magnetoresistance perpendicular-to-plane of the 
n= 6 and 8 superlattices at 4 in-plane field in the temperature 
range 4.2 K to 40 K. Panel (b) shows the magnetoresistance parallel- 
to-plane of the n= 6 and 8 superlattices at 4 l^sla in-plane field. The 
CPP - MR at several field {0, 1, 2, 3, and 4 tesla) is shown in the lower 


panel (c) 144 

7.6 Magnetic field dependence of CPP - MR of the n = 5 superlattice at 
5 K, 10 K and 40 K- Arrows in the figure indicate direction of the field 
sweep. Zero of the Y - scale for the three sets of data is different. . . 145 


7.7 The zero-field resistance of the n = 5 superlattice calculated by adding 
the resistance of each layer in series. Two situations are considered, 
one with disordered interfacial phase and other without the disordered 
interfacial phase 


147 



AAIV 


Lust ot figures 


8.1 X - ray intensity profiles of superlattices with 20 u.c. thick LCMO 
and various thicknesses {6, 7, 8, P and iO u.c.) of ESMO deposited 
on {001) oriented LAO (curves a, 6, c, d and e respectively). The 
fundamental {001) reflection of the film is marked as 0 . The first 
order satellites on either side of this reflection are marked as + i and 
- 1. The figure also shows {001) reflection of the substrate due to K a 

and excitations 150 

8.2 c - axis lattice parameter of the {20 u.c.) LCMO/{n u.c.) ESMO 

superlattices as a function of spacer layer thickness. Sold line in the 
figure is a guide to the eye 151 

8.3 Field-cooled magnetization of u.c. LCMO/n u.c. FSMO superlat- 
tices with n — 1,2, 3 and 5 in 2000 Gauss magnetic field aligned along 

the {100) direction of the film 152 

8.4 Zero-field-cooled hysteresis loops of {20 u.c.) LCMO/{n u.c.) ESMO 
superlattices with various spacer layer thicknesses measured at 10 K. 

Inset shows temperature dependent magnetization of the superlattice 
with n = 1 measured at 100 Gauss 153 

8.5 Panels (a, b and c) show zero-field-cooled and field-cooled hysteresis 
loops of 20 u.c. LGMO/n u.c. ESMO superlattices with n = 2, 6 and 
8 a.t 10 K. The sample were cooled in the presence of 7000 Gauss field 
aligned parallel to the film plane. The values of coercive and exchange 
biasing fields of the superlattices with different spacer layer thicknesses 

are shown in panel (d). The solid lines are guide to the eye 154 

8.6 A section of zero-field-cooled hysteresis loop of the 20 u.c. LCMO/ 

3 u.c. ESMO superlattice measured at different temperatures 155 

8.7 Panel (a) shows the magnetic coupling strength of the superlattice with 

3 u.c. spacer layer at different temperatures. Solid line in the figure 
is a guide to the eye. The coercive field of the same sample at various 
temperatures is shown in the lower panel (b) 156 

8.8 The zero-field and in-field {4 tesla) temperature dependent resistivity 
of the superlattices with 20 u.c. thick LCMO and different thicknesses 

of ESMO deposited on {001) oriented LAO 157 

8.9 Magnetoresistance at 4 tesla of {20 u.c.) LCMO/{n u.c.) ESMO 
superlattices deposited on {001) LAO. Inset shows the MR at 5 K 

as a function of the spacer layer thickness 158 

8.10 Magnetic field dependence of magnetoresistance at 5 K for superlattices 
with 20 u.c. thick LCMO and 2, 4 and 8 u.c. thick ESMO. Data 
for a complete cycle between -I- 4 tesla and — 4 tesla are shown. A 
field increasing part of the second cycle for the superlattice with 2 u. c. 
spacer is also shown. The direction of the magnetic field scan is marked 


by arrows ]^59 

8.11 Magnetic field dependence of magnetoresistance at 50 K for superlat- 
tices with 20 u.c. thick LCMO and 2, 4 and 8 u.c. thick ESMO. Data 
for a complete cycle between -I- 4 tesla and - 4 tesla are shown. The 
direction of the magnetic filed scan is marked by arrows 160 



List of Figures 


XXV 


8.12 Panel (a) shows the transition temperature Tc of the superlattices 
as function of the spacer layer thickness, the Tc was deduced from 
resistivity and magnetization measurements. Magnetic moment of the 
superlattices at 7000 Gauss and 10 K is shown in panel (b) for different 
spacer layer thicknesses. Remnant moment of superlattices is shown in 

the lower panel (c). Sold lines in panels a, b and c are guide to the eye. 162 

8.13 Thickness of LCMO from the interface over which a significant spin 

disorder exits is plotted as a function of n 163 



Chapter 1 


Introduction 


1.1 Introduction 

Magnetic thin films, thin film heterostructures and superlattices have 
generated tremendous technological and scientific interest in recent years. 
Fascinating effects such as giant magnetoresistance, oscillatory exchange coupling, 
tunneling magnetoresistance and magnetocrystalline anisotropy have been discov- 
ered in such artificial structures. These effects find applications in a variety of 
technologies such as magnetic data storage, magnetic memories, magnetic sensors 
etc. The field of magnetic thin films is also being enriched by the discovery of new 
materials such as half metallic ferromagnets, layered perovskites and dilute magnetic 
semiconductors. In this thesis we focus on interlayer exchange coupling (lEC) and 
giant magnetoresistance ( GMR) in thin film multilayers of transition metal oxides. 

Interlayer exchange coupling is an interaction between two ferromagnetic (FM) 
layers separated by a non-magnetic spacer layer that, for small external field, causes 
the layer magnetization to align either ferrpmagnetically or antiferromagnetically. 
P. Gruenberg et al. [1] showed, for the first time, evidence of antiferromagnetic 
{AF) coupling of Fe layers across Cr spacer layers by means of light scattering 
from spin waves. The interlayer exchange coupling was also reported in 1986 in 
layered structures of dysprosium [2] and gadolinium [<?] separated by yttrium spacer 
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and for iron [i] film separated by chromium spacer. Exchange coupling in super- 
lattice structures consisting of alternate ferromagnetic and antiferromagnetic layers 
has also been studied theoretically. The field of magnetotransport and interlayer 
magnetic coupling received renewed interest with the discovery of giant magnetore- 
sistance in Fe/Cr multilayers. A careful investigation of interlayer exchange coupling 
and magnetoresistance (MR) was carried out by Parkins et al. [4] in Fe/Cr/Fe and 
Co/Ru/Co multilayers. The interlayer exchange coupling in these systems showed a 
remarkable oscillatory behavior with the increasing spacer layer thickness. The MR in 
Fe/Cr/Fe and Co/Ru/Co systems also shows oscillations with the increasing spacer 
layer thickness and the period of oscillations matches with the period of the lEC [>^ ]. A 
large negative magnetoresistance when lEC is antiferromagnetic indicates ease in spin 
diffusion through the spacer as magnetization vectors of the neighboring ferromagnetic 
layers are made parallel by the external magnetic field. It is now believed that an- 
tiferromagnetic interlayer exchange coupling is not a necessary requirement for large 
magnetoresistance. The magnetoresistance is large even when the magnetizations 
of each layer originate randomly with a net zero spontaneous moment of the multi- 
layer. The fundamental spin - polarized transport in multilayers involves: (i) spin - 
dependent mean free path, (ii) spin - dependent transmissivity at the ferromagnet - 
nonmagnet interfaces, {iii) differential rates of scattering both within the ferromag- 
netic layers and at the ferromagnetic - nonmagnetic interfaces for electrons with spin 
along and opposite to the local magnetization, (m) rate of loss of spin memory in 
the ferromagnetic layers, nonmagnetic layers and at their interfaces and (v) rate of 
mixing of spin polarized currents. The role of interfaces and how the metallurgical 
and magnetic disorder affects magnetoresistance is still an active field of research in 
the case of metallic superlattices. 

In this chapter we present a brief overview of the theoretical and experimental 
investigations of transition metal superlattices and the superlattice structures con- 
sisting of metal oxides. This chapter also presents a summary of the structural and 
physical properties of the manganese based perovskite oxides. Finally we present the 
motivation for undertaking this study followed by the outline of each chapter of the 
thesis. 
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1.2 Transition metal superlattices 

1.2.1 The mechanism of oscillatory exchange coupling 

There are several theoretical approaches to explain the oscillatory nature of in- 
terlayer exchange coupling in 3d - transition metal based magnetic multilayers. Total 
energy calculations and model calculations are two principal theoretical approaches. 
There are several model calculations such as: {i) the quantum well theory (QWT) of 
Edwards et al. [5], (u) an extension of Ruderman - Kittel - Kasuya - Yosida {RKKY) 
theory adapted to the multilayer geometry by Bruno and Charppert [(?], {Hi) the free 
electron model [7], (iv) the hole confinement model [5] and (v) Anderson (or sd - 
mixing) model [P, 10]. These models relate the oscillation periods, in the limit of 
large spacer thicknesses, to the Fermi surface parameters of the bulk spacer material. 

In the quantum well theory of Edwards [5], the ferromagnetic layers form the 
barriers and the non-magnetic layer forms the well of this quantum well system. An 
interplay between magnetic and electric degrees of freedom occurs because the barrier 
height is spin independent. The interference between the disturbances in the electron 
density in the nonmagnetic spacer, arising from the coupling to the two ferromagnetic 
layers, is treated exactly in the QWT. 

In the RKKY formalism, localized magnetic moments in a metal can interact 
magnetically with the conduction electrons. This interaction propagates between dif- 
ferent magnetic sites via these electrons. In 1954 Ruderman and Kittel [11] proposed 
the coupling between two nuclear spins via their hyperfine contact interaction with 
the conduction electrons. Kasuya and Yosida [12] developed and extended similar 
coupling between two localized d - electrons via their mutual coupling to the con- 
duction electrons. The mechanism has become known as the RKKY theory. When 
it is adapted to magnetic multilayers, the periods in oscillation are associated with 
the wave vectors perpendicular to the layer linking two points of the Fermi surface 
with antiparallel velocities. The RKKY theory involves exchange coupling between 
the bulk magnetic moment of the magnetic layers and the spin of the conduction 
electrons in the interlayer, and correctly predicts an oscillatory interlayer coupling. 
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Figure 1.1: Schematic representation of the sandwich system. 


Bruno [IS] has explained the oscillation in interlayer exchange coupling by tak- 
ing into account spin - dependent reflectivity of Bloch waves (i.e. itinerant electrons) 
at the paramagnet - ferromagnet interfaces. He has calculated the interlayer exchange 
coupling for a sandwich of two ferromagnetic films separated by a PM metal film. 
The simple one dimensional representation of this sandwiched system is shown in the 
Fig. 1.1. It consists of a spacer layer of width ‘D’ and potential zero, sandwiched 
between two potential perturbations ‘A’ and ‘5’ with potential heights Va and Vb 
respectively. Outside the perturbation the potential is zero. For positive potential 
perturbation it represents barriers while for negative potential perturbation it repre- 
sents potential wells. The conduction electrons in the spacer layer are represented 
by Bloch waves of momentum ki . The Bloch wave of momentum (> 0) under- 
goes reflection on reaching the paramagnetic - ferromagnetic interface. The reflection 
coefficient can be written as = 1 ?^ | This wave of momentum ^ {kx < 0 ) un- 
dergoes further reflection at the interface A with reflection coefficient rA= \rX\ 

The interference between these reflected waves in the non - magnetic spacer leads 
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to oscillation in the electronic density. The phase shift of the wave function after a 
complete round trip in the spacer is = Sk^D + + $ 5 . The density of states in 

the spacer will increase for constructive interference (A$ = 2n7r) and will decrease for 
destructive interference (A$- = {2n + 1)7 t). Thus the change of density of states due 
to interferences, An(e) should vary like cos(A$) and should be proportional to the 
strength of reflections on A and B i.e. . f^l, to the spacer width £>, to the density 
of states per unit length and energy | Thus the expression for the change in 
the density of states is [i^], 


AiV« - /m (r^ ( 1 . 1 ) 

TT 

where the factor 2 accounts for the spin degeneracy. The energy derivative of the 
reflection coefficients has been neglected compared to the energy derivative of the 
exponential factor. It is valid when the reflection coefficients are small, so that higher 
order terms may be neglected. On the other hand if = [rjsl = 1, the interferences 
lead to bound states and the wave vector k± is quantized; the bound states occur when 
the interferences are constructive i.e. when A$ = Sutt. As ‘P’ increases the bound 
states move towards lower energy and the integrated density of states jump each time 
a bound state has energy c. The expression for change in the integral density of states 
due to quantum interference is [13], 

AN ^ — - Im ln{l - ta (1.2) 

TT 

when If^ . f|| is small, this expression reduces to Eq. {1.1). 

Bruno [13] has estimated the change in energy due to quantum interferences 
in the spacer aX T = 0. Thus the energy change due to quantum interferences is; 
AE=-Y AN{e)d£ 

— 00 

AE= § Im Y ln{l - ta de. 

— 00 

For small confinement, this becomes 

£F 

AE = — — Im [ Ta de. 

TT J 

—00 


(1.3) 
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A.E is the coupling energy between the layers A and B. Since the potential depends 
on the coordinate in the direction normal to the layers, the coupling energy for a three 
dimensional system is 

AEpi--^Im j j cfe. ( 1 . 4 ) 

“CX) 

The reflection coefficient at the paramagnet - ferromagnet interfaces depends on 
the direction of the electron spin with respect to the direction of the magnetiza- 
tion in the ferromagnet. The exchange coupling energy per unit area at T - 0 is 
Eab = - AEaf, where AEp and AEaf are energies due to the interferences 

when the magnetization vectors of the FM layers are aligned ferromagnetic and 
antiferromagnetic respectively. 

Eab = - ^ Im I d^'^l I Ata (k, ( 1 . 5 ) 

— OO 

where Ar = ^ ^ is the spin asymmetry of the reflection coefficient with and 

being the spin-up and spin-down reflection coefficients respectively. The variation of 
exchange coupling energy with the spacer thickness depends on the spacer material 
(via ki) whereas the strength and phase are determined by the spin asymmetry of 
the reflection coefficient at the ferromagnetic - paramagnetic interfaces. When the 
magnetization vectors of the magnetic layers are at angle 0, the exchange coupling 
Eab{^) is proportional to cos{9). The expression for Eab{9) has been expanded in 
powers of cos{9) as; 


Eab{9) = Jo + Ji cos{9) + Js cos^{9) -f , (1.6) 

where Jq is the nonmagnetic coupling constant, the Heisenberg coupling constant 
and J 2 the biquadratic coupling constant. Bruno [13] has given the expression for Jt 
using a simple free electron model for a semi - infinite magnetic layer in the limit of 
large spacer thickness. The leading contribution for Jx is, 


Ji = 


n^kl 

4 m If 



( 1 . 7 ) 
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where kp = s/2m{ep - U) for Sp > U and kp = i ^~2m{U - Sp) for ep < U. Here 
cp and U aie the Fermi energy and potential of the spacer layer respectively. The 
thickness dependence of coupling is driven by the factor thus the coupling 

oscillates foi a metallic spacer {kp— real) thickness and decays exponentially for an 
insulating spacer {kp- imaginary) as its thickness is increased. 

These calculations are for flat interfaces, whereas real samples always have 
misfit dislocations due to lattice mismatch cf a layer with the underlying layer and 
surface roughness because of imperfect growth modes. To incorporate roughness at 
the interfaces, Bruno and coworkers have taken into account fluctuations in the spacer 
layer thickness. They observe attenuation of oscillations with increasing roughness and 
disorder [I 4 ]■ Wang et al. [5] have calculated the magnetic coupling of two iron layers 
separated by a chromium layer taking into account the roughness of the interfaces. 
They have considered a system where the chromium is in the paramagnetic state with 
two rough planes of iron embedded in its surface. Yafet [25] has successfully explained 
the interlayer exchange coupling in Gd/Y superlattices using this configuration. 

1.2.2 The mechanism of giant magnetoresistance 

The GMR effect is observed as a response to currents flowing either in-the- 
planes [GIF) or perpendicular-to-the-planes (CPF) of the superlattices. The advan- 
tage in CPF geometry is that all carriers contributing to current are forced to pass 
through the interfaces as well as the bulk. This makes the current distribution uni- 
form and permits application of a series resistance model in which contribution from 
individual constituent and the interfaces are summed. This CPF measurement is, 
however, quite non-trivial because of the extremely small resistance of the metallic 
samples. In the GIF configuration the dimensions are macroscopic and four - probe 
measurement techniques are used. In contrast, GPP measurements are usually carried 
out with two ~ probe using sophisticated techniques to measure the small resistance. 
There are several methods to measure CPF - GMR. Because of the very small layer 
thickness, these fall into two major categories: (f) use of very sensitive techniques 
to measure small resistance, and (n), increase the resistance by reducing the ar< 
through which current flows. In the case of 3d - transition metal based superlattice 
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CPP resistance has been measured by lithographic patterning of multilayers in the 
form of columns of small cross sectional area [-^^]- Iii order to increase the resistance 
to a measurable value, several hundred alternate layers of constituents are deposited. 
However, stacking of such large number of units makes the interfaces increasingly dis- 
ordered. The CPP resistance and MR have also been measured by sandwiching the 
superlattice between two thin - film electrodes of niobium in their superconducting 
state [17]. While this method allows measurements of CPP magnetoresistance of 
thin film multilayers, its applicability is limited due to the low critical temperature 
9.2 K) and upper critical field (~ 1 KGauss) of Nb. The GMR of 3d - transition 
metal based magnetic multilayer in CPP - geometry is described by the two current 
series resistor model. In this model, the resistance of a multilayer is obtained by divid- 
ing the current into independent spin-up and spin-down contributions and calculating 
the resistance each current encounters in both the parallel and anti-parallel states. To 
calculate the GMR one adds up the resistance contributions in series for each current 
channel and combine them as two overall resistors in parallel. When the resistances 
from both the parallel and antiparallel magnetic states are known, a simple calcula- 
tion of the specific resistance ARs = Area x {R{Antiparallel} - R{Parallet)). This 
theory has two forms based on the relative size of the spin diffusion length and layer 
thickness [18, 19], 

Several mechanisms have been proposed to understand the GMR in transition 
metal based artificially layered materials. The main mechanism for the phenomenon is 
considered to be spin - dependent scattering of charge carriers at the interfaces. Spin 
dependent scattering has been postulated to be a dominant resistance mechanism 
in bulk ferromagnets since the work of Mott [20\. In the presence of a magnetic field, 
the spin-flip process can not easily invert a given spin orientation. Considering only 
parallel and antiparallel orientations, the total current can be viewed as consisting 
of two components flowing in parallel, one with spin-up (parallel to .magnetization) 
and the other with spin-down (antiparallel to magnetization) . Electrical resistivity is 
proportional to electron scattering rates. If scattering rates for spin-up and spin-down 
electrons are different then the resistivity of the two kinds of currents will be different. 
This is the basis of Mott s two currents model. Conduction electrons with spin parallel 
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to the layer magnetization are scattered weakly close to the layer, carrying current 
more effectively and leading to low resistance, and those with spin antiparallel to the 
magnetization are scattered strongly, leading to high resistance. The other physical 
mechanism to describe GMR is based on the quantum well theory and the reflectivity 
of the itinerant electrons at the interfaces. The quantum well states and especially 
the formation of interface states in magnetic superlattice give rise to strong interface 
scattering, which leads to large GMR amplitudes. 

Fuchs \21 ] and Sondheirmer [22] have given a theoretical model for resistivity 
of thin film due to surface roughness. Garcia and Suna [23] have extended this ap- 
proach to multilayers. Using this quasiclassical approach with the spin - dependent 
scattering at the interfaces as well as in the bulk, Camley and coworkers [24] have 
analyzed the large magnetoresistance of iron - chromium multilayers. The interface 
roughness is assumed to act as the source of spin - dependent scattering. This ap- 
proach reproduces the general trends of transport as a function of temperature, thick- 
ness and number of interlayers. Camley et al. [2J^ ] have also shown that the resistivity 
of multilayers increases as magnetization of the ferromagnetic layer rotates from par- 
allel to antiparallel alignment. Levy and Zhang [25] have used a quantum approach 
to determine electrical transport in multilayers. They have considered surface rough- 
ness scattering from an array of interfaces, by making the scattering spin - dependent. 
The bulk and interface scattering are treated by introducing bulk and interface scat- 
tering potentials. This model agrees with the magnetoresistance data on the iron 
- chromium system. Xing and coworkers [26] have proposed that the strong spin - 
dependent scattering also comes from the spin-split density of states for majority and 
minority spin d - band in the magnetic layers and occurs both in the bulk and at 
the interfaces. These models are for the multilayers with the current parallel to the 
layers. 

Mark Johnson [27] has given a formalism for magnetoresistance based on spin 
transport by conduction electrons across the interfaces of magnetic and nonmagnetic 
layers of a sandwich structure. His model consists of two - single domain ferromagnetic 
metal films (/^ and /g) of thickness dj separated by a nonmagnetic metal film (P) of 
thickness dp as shown in the inset of Fig. 1.2. The spin diffusion length (i.e. the 
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average distance that a conduction electron diflPuses before the diiection of its spin is 
changed) is given as; Si{i = /, P) = where A is the conduction electron 

diffusion constant and Af the spin relaxation time. In his calculation, the thickness 
of the nonmagnetic spacer layer is less than the spin diffusion length {dp < 5^), and 
the magnetization of the magnetic layers are constrained to lie in the film plane. The 
magnetization of points up, while the magnetization of /g is considered in up as well 
as down configuration. The density of states of the films at zero temperature and zero 
current is shown in the upper part of Fig. 1.2. The Stoner model based density of 
states is shown for the ferromagnetic layers and the nonmagnetic metal film is depicted 
with parabolic sub-bands. When the current is zero, the Fermi level of the magnetic 
and nonmagnetic metal at the interfaces are aligned. When a steady state current 
I is applied through the films from /, to /g, charge transport involves only electrons 
near Ep, and in only electrons in the up-spin sub-band are available for transport. 
If there is no spin flipping, the total current that passes across the interface is sum of 
the charge current (Jg) and Im the current due to magnetization {I = Iq + Im), where 
Im = y Ici ‘e’ is the charge of the electron and Kp is the Boltzman constant. In 
the steady state the up-spin sub-band of the paramagnetic spacer gains population 
and the down-spin sub-band adjusts in order to maintain charge neutrality. The up- 
spin sub-band chemical potential is raised above its equilibrium value and this causes 
a nonequilibrium magnetization M = 0 An, where An is the difference in number 
density of carriers between up-spin and down-spin sub-bands. The rise of up-spin 
chemical potential in the paramagnetic spacer will have a back effect on /;, raising 
its chemical potential. If the magnetization of fg is parallel to that of then its 
chemical potential will also rise to align with that of the up-spin band of the spacer. 
There is no voltage drop across the sandwich in this configuration. The density of 
states of these films in this configuration is shown in the lower part of Fig. 1.2. If 
the magnetization of fg is antiparallel to that of /^, then its chemical potential will 
align with that of the down-spin sub-band of the spacer. The chemical potential of 
/g is lowered with respect to the equilibrium and a voltage drop takes place across 
the sandwich. This voltage is linear with current and is identified as a spin-coupled 
resistance {Rs). 




Figure 1.2: Model of density of states of two ferromagnetic films in interfacial contact 
with a paramagnetic film. Top: In equilibrium the Fermi levels align. Bottom : 
When a current is driven through the sandwich the voltage drop across the trilayers 
depends on the orientations of the magnetization of the ferromagnetic films. Inset : 
Configuration of the measurement and the sandwich structure. (Figure reproduced 
from [27].) 


Johnson [27] has calculated the resistance for a multilayer composed of n 
bilayers of ferromagnetic metal with bulk conductivity erf and nonmagnetic metal 
with bulk conductivity op which form an interface with conductance G. For the 
parallel configuration of the magnetization of /, and /g the resistance per bilayer is 
R = + f + (■ 5 ) j whereas for antiparallel configuration the resistance 

of the bilayer is R = 2Rs + R and magnetoresistance is given by MR = If the 
magnetization of fj and /g are oriented at an angle 0 then the spin couple resistance is 
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2Rssin^ If dp > Sp then the nonequilibrium magnetization in P will be smaller 
and Rs will decrease exponentially. Interface resistance is expected to contain contri- 
butions from interfacial alloying, scattering from spin - dependent potential step at 
the interface and scattering from interfacial states. This effect does not appear in the 
CIP geometry because there is no net charge or spin transport through the interfaces 
and therefore no spin accumulation. 

In the model of Verlet and Pert [18] the current density is proportional to spin - 
dependent electrochemical potential where the proportionality constant includes con- 
tributions from electron reflections by the potential step and from diffuse scattering by 
disorder at the interfaces. The model assumes incoherent scattering by the successive 
interfaces. Barnas and Pert [28] have calculated the interfacial resistance for perpen- 
dicular transport in magnetic multilayers within the Landauer approach. They have 
assumed that the spin - dependent interface resistance is due to electron reflections 
and refractions at an interface potential step between ferromagnetic and nonmagnetic 
metal as well as the impurities located at the interfaces. Their calculation is based 
on the interfacial potential steps and the impurity concentration. When the elec- 
tron scattering at the successive interfaces is incoherent these two contributions are 
comparable. Barnas et al. [28] have theoretically analyzed the in-plane electronic 
transport in ultrathin metallic magnetic structures composed of two ferromagnetic 
films separated by a nonmagnetic metallic spacer. They have considered the role of 
quantum size eflPects and interface roughness on magnetoresistance. Within the one- 
band model, they have predicted two different oscillation periods in the resistivity 
and magnetoresistance as a function of the spacer thickness. It is also shown that 
the spin - dependent scattering due to interface roughness can enhance or reduce the 
magnetoresistance generated by the spin - dependent scattering at impurities or other 
defects inside the films. Zhang and Levy [29] have also derived the conductivity of 
multilayers for the CPP geometry. Their treatment is based on the Kubo formalism. 
They have compared the C/P and CPP conductivities and magnetoresistances. For 
mean-free-paths much larger than the thickness of a multilayer, the CIP and CPP 
conductivities are the same. This is to be expected because the inhomogeneities of the 
system do not show up in this limit. They have determined different parameters (spin 
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- independent mean free paths in the bulk, mean free path due to interface scattering 
and the spin - dependent scattering ratio at the interfaces and in the iron layers), 
which best fit the experimental data of Ref. 30 for the CIP magnetoresistance. They 
have calculated CIP and CP P magnetoresistance for iron - chromium multilayer us- 
ing the same set of parameters. The CPP magnetoresistance is larger and decreases 
much more slowly, as the thickness of the layers (various thickness of Cr ( Fe) layer 
for fixed Fe [Cr) layer thickness) increases. loth et al. [31] have presented the cell 
coherent potential approximation method for the origin of CIP and CPP magnetore- 
sistance in magnetic multilayers. They have treated the randomness at the interfaces 
and layered structure simultaneously. The CPP magnetoresistance is larger than the 
CIP magnetoresistance in this case also. 

There are many experimental studies which deal with correlation between giant 
magnetoresistance and interface roughness. Parkin [32] has measured the MR of 
magnetic - nonmagnetic multilayers in which a thin magnetic layer of different ferro- 
magnetic material is present at the interfaces. These samples show enhanced mag- 
netoresistance. The magnitude of the MR depends on the magnetic nature of the 
material at the interfaces. He has suggested that the giant magnetoresistance arises 
from spin - dependent scattering from magnetic impurities localized at the interfaces. 
Baumgart et al. [S3] have made similar structures by depositing a thin layer of a 
variety of elements ( V, Mn, Ge, Ir and Al) at the interfaces of iron - chromium mul- 
tilayers. They conclude that the total number of spin - dependent scattering centers 
at the interface, not the details of the interface structure, dominates the magnetore- 
sistance properties. Schuller and coworkers [34] have studied the transport properties 
of iron - chromium multilayers by introducing roughness at the interfaces through 
changes in the deposition parameters and annealing. The samples annealed at mod- 
erate temperature show less correlated interface roughness and slight interdiffusion. 
This increases the resistivity and magnetoresistance. Schuller et al. [34] note that 
in cobalt - copper multilayers annealing leads to a decrease in the magnetoresistance 
in contrast to the increase on annealing seen in iron - chromium multilayers. Belien 
et al. [35] have studied the influence of interface roughness on giant magnetoresis- 
tance of polycrystalline Fe/Cr superlattices grown by molecular beam epitaxy {MBE) 
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on polycrystalline substrates. X - ray diffraction spectra, combined with resistivity 
data, show that a moderate atomic step density at the interfaces can enhance the 
magnetoresistance, whereas interdiffusion and interface roughness strongly suppress 
the magnetoresistance. 

1.3 Transition metal perovskite oxide 
superlattices 

The discovery of GMR and oscillatory exchange coupling in transition metal 
based multilayers have prompted researchers to look for similar effects in thin film 
multilayers of transition metal compounds. Multilayers of magnetic oxides such as 
the hole-doped manganites, ruthenates, and separated by spacer layers of 

diverse conductivities and magnetic properties, have been tried [S6-44]- However, 
unlike the case of elemental superlattices, measurements of electron transport and 
magnetic ordering in these systems have generally yielded mixed results. For ex- 
ample, Gong et al. [5tf] have studied the MR of Lao.eTCao.asMnOg and StRuOs 
superlattices as a function of SrRuOs spacer thickness. Both Luo.erCao.ssMnOs and 
SrRuO 3 are ferromagnetic metals below their Curie temperatures of 250 K and 
~ 145 K, respectively. No oscillatory behavior of magnetoresistance is seen as the 
SrRuO 3 spacer thickness is increased from one unit cell (ti.c.) to 16 u.c.. However, 
the saturation field of these superlattices shows non-monotonic behavior. Gong et 
al. [55] attributed it to rotation of the magnetic easy axis on the plane of the multi- 
layer. Orozco et al. [37\ have reported oscillatory magnetic coupling in multilayers of 
the ferromagnetic semiconductor Fes O4 and metallic TiN. Nikolaev and co-workers 
[55] have measured the magnetoresistance and magnetic coupling in superlattices of 
LaefsBajjsMnOs and LaNiOs {LNO). The hole-doped manganite Las/sBaj fsMnOs 
is ferromagnetic with a metal - like conductivity below Tc 340 K, [45] and the 
a icel a tc LNO is a metallic paramagnet down to 4-^ K [46]. In superlattices con- 
sisting of a fixed Las/sBaj/sMnOs layer thickness (~ 12 u.c.), Nikolaev et al. [38] 
observe oscillatory exchange coupling as the LNO thickness is varied from 5 u.c. to 
10 U.C.. While these authors also observe a positive magnetoresistance in antifer- 
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romagnetically coupled superlattices at 5 K, oscillations in magnetoresistance that 
commensurate with the magnetic coupling (Ref. 4) are not seen. Venimadhav et at. 
\4'if\ also reported electrical and magnetic properties of the superlattices consisting 
of a ferromagnetic manganite {Lao.6Pbo.4MnO 3) and a metallic but nonsupercon- 
ducting cuprate La4BaCu5 0 They observed a monotonic behavior of the Curie 
temperature and saturation field in these multilayers as the cuprate layer thickness is 
increased from 1 u.c. to 8 u.c., while keeping the thickness of the manganite fixed at 
10 U.C.. Interestingly, these samples exhibit semiconductor - like resistivity {negative 
dp/dT) down to 4-2 K, although thin films of individual oxides are metallic below 
300 K. However, to our best knowledge, similar measurements of resistivity over a 
broad temperature range in systems where oscillatory coupling is observed are not 
available. It is certainly of interest to know if the resistivity of such systems is also 
insulating at low temperatures. The semiconductor - like behavior observed by Ven- 
imadhav et at. [47] suggests disordered interfaces in these thin - film multilayers. A 
sufficiently disordered interface can suppress the metal - like transport in individual 
constituents. This disorder can be of magnetic as well as structural origin. The mag- 
netic and structural inhomogeneities at the interfaces can dominate the contribution 
of fundamental processes such as the Ruderman-Kittel-Kasuya-Yosida interaction and 
spin - polarized tunneling to magnetic coupling [48] and transport in these artificial 
structures. It is also important to point out that the materials used in such systems 
are compounds with inherent complexities of narrow bands, short mean free path 
and electron correlations. These factors may restrict the fundamental processes that 
are responsible for GMR and lEC in transition metal - based superlattices. In the 
following, we provide a brief review of the magnetization and transport in a special 
class of hole doped transition metal oxides. There are Mn - based perovskites. These 
systems will be the fundamental building block of our superlattices. 

1.3.1 Manganese perovskite oxides 

The carrier doped perovskite manganites have the general formula 
A;_ 3 .A xMnOs, where A is a rare earth and A an alkaline earth atom. The physical 
properties of these compounds depend on the choice of the elements A, A which deter- 
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mines the average A ~ site ionic radius and the dopant concentration x. The Mn atoms 
in the carrier doped manganite have charge states and Mri'^ . The octahedral 

crystal field of oxygen ions allows the d - orbital electronic configuration of tig 4 and 
tig ePg type for the and Mn^'^ ions. Within a certain range of dopant concen- 

tration and average A - site ionic radius, these compounds exhibit large decrease in 
resistance near the Curie temperature in the presence of a magnetic field. Such large 
negative magnetoresistance is called the colossal magnetoresistance (CMi?). Besides 
the CMR effect, mixed-valence manganites can exhibit various magnetic, structural, 
and electronic phase transitions, leading to a complex physical behavior. Manganites 
are part of a larger class of transition metal oxides with perovskite structure, which 
include among others high - temperature superconducting copper oxides. All these 
materials are strongly correlated electron systems in which the electron - electron 
interaction plays a dominant role. Depending on the choice of the element A and 
a' mixed - valence manganites form two diametrically opposite but equally fascinat- 
ing ground states. The ferromagnetic and metallic ground state in Laj^xCaxMnOs, 
for example, was studied in the 1950s using transport, magnetization and neutron 
scattering measurements [49, 50]. Zener [51] has proposed a microscopic theory of 
ferromagnetism and metallicity in these compounds. His double exchange model (DE) 
has been refined for dopant concentration, hybridization and spin canted states. Re- 
cent studies reveal that the electron transport in the paramagnetic insulating and 
ferromagnetic metallic states of these compounds is influenced greatly by the propen- 
sity of the Bg electron to polarize the lattice and the tgg spins in its vicinity [52]. 
These studies indicate that the charge carriers in the paramagnetic state are small 
lattice polarons dressed with a magnetic cloud. The current transport in the param- 
agnetic state occurs by thermally activated hopping of these polarons. Experimental 
evidence for the existence of dynamic lattice distortions and the formation of ferro- 
magnetic droplets of size ~ 10 A in the PM state [58, 54] support this polaronic 
picture. Measurements with techniques which probe the local environment of the Mn 
ions, such as extended X - ray absorption fine structure {EXAFS) [55], suggest that 

some vestige of the Jahn-Teller lattice distortions remain in the ferromagnetic state 
as well. 
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Mixed valence manganites for certain choices of A and A at half filling {% =0.5), 
undergoes a Charge Ordering [CO) transition in which Mn^+ and ions form 

two interpenetrating pseudo-cubic sublattices [5^, 57]. The sublattice structure pre- 
cludes a charge transfer as it would be self - destructive. The charge ordered state 
undergoes orbital and antiferromagnetic spin ordering of the CE - type at still lower 
temperatures. However, for x less than half filling, the antiferromagnetic ordering in 
the charge ordered state of Pr j^^^Ca^MnOs is followed by the growth of nanometer 
size ferromagnetic regions at lower temperatures. These regions have been variedly 
called as droplets, clusters or stripes (55). The current transport in the droplet phase 
is a fascinating field of research as it is susceptible to nucleation, growth and coa- 
lescence uirder external perturbations such as strong magnetic field or pressure [59], 
X - ray electric field [61] and intense photon flux [62]. In the following sections 
we discuss some critical properties of these systems in detail. 

1.3. 1.1 Perovskite Structure 

Most of the stoichiometric ABO 3 perovskites exhibit a distortion of the cubic 
structure. The structure of AMnOs manganite is shown in the Fig. 1.3. The basic 
structure of AMnOs manganite is usually orthorhombic. Here the lattice distortion is 
caused by deformation of the MnOe octahedra arising from the Jahn-Teller effect that 
is inherent to the high-spin {S= 2) Mn^'^ with double degeneracy of the Cj - orbitals. 
Another source of distortion in these structures is purely geometric. It comes from 
the differences in size of the A and Mn ions. The cation size induced lattice distortion 
is expressed interms of Goldschmit factor: t = <^o)) . . -with ta , r^n and 

ro are the ionic radius of A - site element, manganese and oxygen respectively. The 
tolerance factor H’ is unity for a perfect cubic perovskite. It decreases when the 
ionic radius of A - site is too small to fill the space at the cube center. This makes 
the oxygen move towards the center. The Mn ~ 0 - Mn bond is bent and the angle 
becomes smaller than 180°. This bond angle distortion decreases the overlap between 
the orbitals and narrows the energy band. If the A - cation size is large, tolerance 
factor increases and the space available for Mn — ion in its MnOg is large. 
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Figure 1.3: Schematic representation of AMnOs perovskite manganite structure. 


1.3. 1.2 Electronic structure 

Atomic orbitals in a solid form bands due to their overlap and the periodic 
potential of the lattice. The overlap of orbitals of neighboring atoms determines 
the strength and direction of the binding forces between the atoms. The valence 
electrons in the s and p bands are weakly bound to the atomic core, and interact 
strongly with neighboring atoms. Such electrons are shared equally by all the like 
atoms and described by band model. When interatomic interactions are weak and 
the electrons are tightly bound to atomic cores the system is described by the localized 
electron theory. Localized electrons are characterized by a large value of the energy 
{U) required to transfer a valence electron from one site to an occupied orbital on 
another equivalent site, and a small bandwidth (W). In insulating transition metal 
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oxide (Mott - HuHbcird insulator or charge transfer insulator) the Fermi level falls in. 
a gap in the one electron density of states when the electron correlations are such 
that U » W. In some transition metal oxide the charge transfer gap may go to zero 
and the compounds become metal. The gap is not sharp when ~ IT, there is a 
possibility of strong electron correlation [55]. In the transition metal compounds, d 
- electrons are localized, being described by ligand field theory. In manganites the 
bandwidth is basically determined from the overlap of d - orbitals of two adjacent Mn 
atoms through the bridging oxygen atom. The overlap is determined by the indirect 
transfer d - orbitals of Mn site through ligand p - orbital. Because of this indirect 
transfer, the d ~ bandwidth becomes, in general, even narrower. The Mn - ions in 
the manganites are surrounded by six oxygen atoms, which give rise to an electric 
field, and quenches the orbital angular momentum of the Mn - ions. This octahedral 
environment of ligands leads to a difference in the energy of tgg and eg levels such that 
the igp level lies lower than the Cg level. The crystal field splitting between and Cg 
levels is ~ 1.5 e V in Mn^'^ [5.^]. Substitutions of some of the A - site trivalent ions by 
a divalent ion lead to mixed valency in the form of and Mn'^'^ ions. The energy 
required to flip ad- electron spin in a Mn - ion is about ^ 2 eV, which is larger than 
the crystal field splitting in Mn^^. Due to this strong intra-atomic Hund’s coupling 
all d - electron spins of Mn^'^ and Mn*'^ are aligned parallel leading to electronic 
configuration Mn^'^ : t^g and Mn^'^ : t^g e®, with spin only moment and SpB 
respectively. The partial filling of tgg or eg orbitals generally leads again to degeneracy 
of the ground state. The partial degeneracy of the 3d - orbitals can be further lifted by 
a volume - conserving distortion of the MnOg octahedra. The symmetry of the cubic 
crystal field is hereby lowered in such a way that the center of gravity of the tgg levels 
and the center of gravity of the eg levels remain unchanged. Therefore Mn^'^ can 
lower its ground state energy by a spontaneous local distortion since the raised elastic 
energy during this process is compensated by the lowering of the Coulomb energy 
of the Bg electron. This is called the Jahn-Teller distortion. Mn^'^ is a Jahn-Teller 
distorted ion and can lower its energy in proportion to the distortion. The Jahn-Teller 
effect is illustrated in Fig. I .4 for a tetragonal elongation of the MnOg octahedron 
in the z - direction. In that case, the orbital is energetically more favorable 
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than the orbital, and the degeneracy of the tsg states is also partially lifted. 

The Jahn-Teller splitting of the eg levels in is typically about 26 jt = 1 eV 

[64]. The Jahn-Teller distortions can be randomly oriented along the crystalline axes 
of the material, but in certain manganites a preferential occupation of the Cg orbitals 
can exist throughout the whole sample. This is called the cooperative Jahn-Teller 
effect [65]. 



Figure 1.4: Schematic representation of crystal field splitting of five folds degenerate 
atomic 3d orbitals into three fold Ug and two fold Cg levels. The further splitting due 
to John-Teller distortion is also shown in the figure. 


1.3. 1.3 The magnetic state 

Magnetism in the manganese perovskite oxides is very complex due to the 
interaction between the atomic moments. This interaction gives rise to complex mag- 
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netic ordering and cooperative magnetic moments. The spins of two nearest atomic 
sites can correlate their orientation either due to a direct exchange or an indirect 
exchange. The direct exchange between moments of two atoms occurs when the over- 
lap region of charge density contribute to both the atoms in accordance to Pauli 
exclusion principle. The direct exchange coupling is strong but decreases rapidly 
with the increasing interatomic distance. Indirect exchange occurs between localized 
magnetic moments through an intermediary nonmagnetic ion or through itinerant 
electrons. The indirect exchange through the itinerant electrons occurs in metals 
and the RKKY coupling is an example of this. Indirect exchange through the non- 
magnetic ion is called superexchange, this occurs in insulator. In the following, we 
identify some important magnetic interactions which lead to rich magnetic phases in 
these materials. 

1.3. 1.3.1 Superexchange 

The superexchange interaction arises between two neighboring Mn ions through 
the bridging 0^" ion. Two of the valence electrons of 0^~ overlap with available low- 
est energy 3d - orbitals of the Mn ions. Due to the strong Hund coupling in Mn, and 
due to the fact that the 3d - shells are less than half-filled in both and 
these electrons occupy empty 3d - orbitals. Since the valence electrons of 0^~ have 
opposite spins due to the Pauli exclusion principle, the superexchange interaction 
leads to antiferromagnetism. Anderson, Goodenough and Kanamori have given a set 
of rules governing the sign and magnitude of the superexchange. This exchange inter- 
action influenced by the characteristic distortions of the perovskite structure, leads to 
variety of magnetic ordering such as the A, B, C, E, G and CE - types. The B — type 
ordering is ferromagnetic, but all other types of ordering are antiferromagnetic. 

1.3. 1.3. 2 Double exchange 

The celebrated double exchange theory of ferromagnetism and metallicity in 
manganite compounds given by Zener [51 ] envisaged transfer of the lone eg electron 
on Mn^^ ions, which is strongly Hund coupled to the onsite t 2 g spins {S = |), to the 
neighboring Mn^ ions through the bridging oxygen atom. The different interactions 
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leading to the coupling between two neighboring Mn - ions in the Zener system is 
shown in Fig. 1,5. The Hund’s rule in each individual ion or atom drive the system 
into a configuration where the unpaired spins are aligned to lower the energy. In the 
Zener hopping process the spin of the conduction electrons remains unchanged as they 
move from ion to ion (the electron hopping maintain the z - projection of the spin). 
This is possible when the net spin of the incomplete d ~ shells are all parallel-otherwise, 
an up-spin electron can land on a down-spin ion and pay energy proportional to the 
Hund coupling. The conduction electrons lower their kinetic energy if the t2g spins of 
manganese, are fully polarized. The kinetic energy is regulated by hopping amplitude 



Figure 1.5: Schematic representation of different coupling between and 

ions. In the figure Jh is the Hund coupling and t is the hopping parameter. 

usually denoted hy The d - shell spins are then indirectly coupled via an interaction 
mediated by the conduction electrons. The double exchange mechanism was general- 
ized by Anderson and Hasegawa who considered a pair of neighboring Mn ions with 
random spin directions [66], The effective hopping integral when an electron jumping 
between two Mn - ions with spins Si and Sj oriented at angle Oij is; = to cos (^) , 
with to the normal transfer integral when all spins are aligned. The hopping probabil- 
ity is therefore largest when the spins are aligned parallel and becomes zero when they 
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are aligned antiparallel. Quantum mechanical treatment of the effective hopping was 
also studied by Anderson and Hasegawa [fftf], Kubo and Ohata [^7] and Cieplak [5^]. 
de Gennes [55] has proposed the spin-canted state, as the possible stable state ob- 
tained by doping an antiferromagnetic state with holes or electrons. This spin-canted 
idea i.e. coexistence of ferromagnetic and antiferromagnetic features (the spin-canted 
state has a net moment, coexisting with a staggered distribution of spins perpendic- 
ular to that net moment) has been extensively used to describe experimental results 
in under doped manganites. 

1. 3.1.4 Electron transport in hole doped manganites 

The double exchange theory can only be used to explain the transport proper- 
ties of manganites qualitatively [lO]. It overestimates the Curie temperature of most 
manganites, it underestimates the resistivity values in the paramagnetic phase by 
several orders, it can not describe the large magnetoresistance and it cannot account 
for the existence of orbital ordering and charge ordering in several compounds. Kubo 
and Ohata [67] have calculated the dependence of Curie temperature on the charge 
- carrier bandwidth in a double exchange system, and the dependence of the band- 
width on temperature. Their theory predicts a phase transition which is some what 
different from the behavior expected for a 3D Heisenberg ferromagnet. Furukawa [71 ] 
have used the Kondo lattice model for double exchange systems and conformed the 
linear dependence of Curie temperature on the bandwidth. Millis et al. [52, 72] were 
the first to identify the significance of electron - phonon coupling. They argued that 
strong interplay between electron - phonon coupling, charge localization and Hund 
coupling generates a unique ferromagnetic metallic phase in these systems. 

The strong electron - phonon coupling in manganites is mainly caused by the 
Jahn-Teller effect. The J - T effect causes local distortions of the crystal structure 
in which some of the Mn - 0 bonds become shorter and others longer. This breaks 
the local cubic symmetry and splits the degeneracy of the Cg levels. By occupying 
the orbital with the lowest energy, the eg electron becomes effectively self-trapped 
to form together with the surrounding deformed lattice a quasi-particle called lattice 
polaron or Jahn-Teller polaron. The large value of electron - phonon coupling in 
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the manganites with dopant concentration below 0.2 indicates that the static J - T 
effect plays a key role. Millis et al. [72] have argued that a dynamical J - T effect 
may persist at higher dopant concentration, without leading to long - range order but 
producing important fluctuations that localize electrons by splitting the degenerate eg 
levels at a given MnOg octahedron. Their calculations predict localization of charge 
carriers by Jahn-Teller distortions around and above Tc- At temperature below 
Tc, the effective electron - phonon coupling becomes smaller than the critical value, 
leading to a relaxation of the lattice and an enhancement of the conductivity. In this 
theory both Jahn-Teller coupling and DE are needed to explain the properties in the 
various magnetic phases. This leads to the prediction of lower, more correct Tc values, 
and can explain the high resistivity and large magnetoresistance effect of manganites. 
However, the formalism of Mills et al. [72] does not consider orbital or charge ordering. 
Roder et al. [75] have incorporated Jahn-Teller coupling into DE model with quantum 
phonons, treating the localized spins in the mean held approximation and the polaron 
formation with the Lang-Firsov variational approximation. Their calculations indicate 
that these polarons appear as localized lattice distortions with a spin polarization 
around the position of the charge carrier, having a coherence length of the order of 
two unit cells. These quasi-particles can therefore be called magneto-elastic polarons, 
since they are associated with spin clusters and essentially form small metallic islands 
in a paramagnetic lattice [75]. 

Electron transport in the paramagnetic state of the hole doped manganites 
has been studied in detail. The resistivity in this regime has been fitted to a purely 
activated law, small polaron hopping theory and Mott’s variable range hopping model. 
Holstein [74] have studied the formation and transport properties of small - lattice 
polarons in strong electron - phonon coupled systems, in which charge carriers are 
self-localized in the energetically favorable lattice distortion. If the carrier together 
with its lattice distortion is comparable in size to the cell parameter, it is called a 
small polaron. When the charge-carrier motion is faster than the lattice vibrations, 
the polaron is said to be in the adiabatic limit. In this limit the electrical resistivity 
is activated and is given by. 
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Wp 

pocTx exp(—). (1.8) 

There are several reports of the evidence of small polaron behavior over an extended 
temperature range in the transport measurements on polycrystalline ceramic sam- 
ples, single crystals and thin films. There is also direct evidence for small polaron 
formation in the distribution of Afn - 0 bond lengths contained in the pair distri- 
bution function [75]. The thermopower favors polaron hopping in the paramagnetic 
state. Alternatively, the presence of magnetic disorder and the intrinsic variation of 
the Coulomb potential due to random distribution of A - site and ions in 
the lattice lead to the formation of mobility edges. The fluctuating Coulomb potential 
in manganites may be caused by substitution or vacancies on the A ov B site. At 
high temperatures, carriers are excited from the Fermi energy to the mobility edges, 
giving an activated behavior. At low temperature, when the available phonon energy 
is small one has nearest neighbor hopping followed by variable range hopping. This 
view is also compatible with the small polaron picture, since variable range hopping 
of small polaron also leads to ln{p) oc T~'i [5-^, 75]. For highly correlated electron 
systems a small gap appears at the Ep and the hopping law is then ln{p) oc T~i 
at temperature below the correlation gap [64, 77]. Although Jahn-Teller polarons 
are an essential part of the electronic transport in manganites at high temperatures, 
they cannot provide a complete picture of the metal-to-insulator transition [64, 78]. 
Furthermore, there are indications for the existence of manganite compounds like 
La 2 / 3 Srif 3 Mn 03 in which polaron formation does not take place, so that the carrier 
localization in these compounds cannot be due to self-trapping at all [79]. 

Coey et al. [64] have argued a non-polaronic localization of charge carriers. 
Such localization can result from both magnetic disorder (random spin alignment) 
and non-magnetic disorder (static potential disorder). The random substitution of 
dopant ions for A - site causes local potential fluctuations. While the diflferent ionic 
size of the cations generate lattice distortions, lead to local variations in the amplitude 
of the hopping transport between the manganese ions. Furthermore, any clustering of 
dopants in the otherwise randomly doped lattice introduces local fluctuations in the 
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carrier density. Besides these non-magnetic effects, also magnetic disorder in the sense 
of DE spin disorder can lead to localization of carrier states. In this case, transport 
of charge carriers will probably take place by spin - dependent hopping between the 
localized states. Wagner et al. [80] have proposed a spin - dependent hopping model 
to describe the field dependent carrier transport in the paramagnetic state. They 
have suggested that the localized carriers in the paramagnetic state, spin polarized 
their environment to form small magnetic clusters. The charge transport occurs via 
hopping of charge carriers between magnetic quasi-particles with spin J. The carriers 
themselves are delocalized within the spin clusters, but they encounter a magnetic 
barrier when they cross the boundary between adjacent clusters. The hopping barrier 
depends on the misorientation between the local magnetization vectors. The total 
energy barrier is reduced when the spins become aligned, and has a maximum value 
when the spins are antiparallel and hopping is forbidden in terms of the double ex- 
change mechanism. In many ways these arguments are similar to those used by Abeles 
et al. [81 ] to explain transport in Si 02 - Ni films. 

1.3. 1.5 Charge ordered state at half filling 

Goodenough [56] has explained many of the features of Lai-xCa^MnOa ob- 
served in neutron scattering by Wollan and Kohler [50], His approach was based 
on semicovalent exchange. According to semicovalent exchange, both antiferromag- 
netic and ferromagnetic coupling among the Mn - ions can be effectively generated, 
depending on the orientation of the orbitals. Analyzing various possibilities for the 
orbital directions, Goodenough has proposed A - and CE - type phases for mangan- 
ites. Coulomb interactions and oxygen played important role to generate Hund - like 
rules and to produce covalent bond respectively. The lattice distortions are also quite 
relevant in deciding which of the many possible states has minimum energy. The 
charge/orbital - ordering becomes more stable when the band filling coincides with 
a rational number for the periodicity of the crystal lattice. The charge, spin and or- 
bital ordering are basically described at half-filling. The robustness of charge/orbital 
- ordering depends on the bandwidth. In the reduced bandwidth system such as 
Ro.sCao.s MnOs {R = Pr, Nd, Sm..) no ferromagnetic or metallic state is realized 
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At carrier concentration 0.5 the compound shows real space ordering of Mn^'^ 
and Mn^'^ ions on the {001 ) plane, while the eg orbital shows the 1x2 superlattice on 
the same {001 ) plane. The change in the lattice parameter at the charge ordered tran- 
sition temperature results in an elongation of the orthorhombic a — and b — axes and 
contraction in the c - axis \83\ . Generally, a decrease in magnetization and increase 
in resistance is observed below the charge ordered transition [5.^, 85]. The charge 
ordered state melts on application of external perturbation such as magnetic field and 
electric field. The magnetic field at which the charge/orbital - ordered state melts, 
varies from system to system for example in Ndo.5Sro.5MnO 3, Pr0.5Ca0.sMnO 3 and 
Smo.5Cao.5MnO 3 the melting fields is 11, 21 and 50 tesla respectively [82]. There 
have been several theoretical studies to understand the charge/orbital - ordered state 
in manganites. Mishra et al. [<S5] have derived polaronic charge ordered state whose 
properties depend on the magnitude of coupling in the framework of dynamical mean 
field theory. Stojkovic et al. [^7] have predicted a re-entrant transition on cooling 
from a charge ordered state to a homogeneous (metallic) state using both on-site and 
nearest neighbor Coulomb repulsion in the extended Hubbard model. Such re-entrant 
transitions, where in the melting of the charge ordered state occurs on decreasing the 
temperature, have been observed in the manganites. Phase separation in the man- 
ganites has been a subject of few theoretical investigations [55]. Generally, phase 
separation involves formation of ferromagnetic clusters in the background of an anti- 
ferromagnetic phase. 

1.3.2 MR &: lEC in perovskite oxide superlattices 

Several multilayer systems synthesized using transition metal oxides have been 
investigated. These include systems where the hole doped manganites, ruthenates 
and Fes 0.^ are used as the magnetic layers and non-magnetic oxides of diverse con- 
ductivities as spacers. For example, Gong et al. [36] have studied the structure, 
magnetization and magnetotransport of superlattices consisting of metallic ferromag- 
nets Lao.evCao.ssMnOs and SrRuOs {SRO) grown by pulsed leaser deposition {PLD) 
method. These samples show enhanced magnetoresistance at low temperatures. They 
have attributed this enhancement to additional spin - dependent scattering center 
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near the interfaces due to disorder. Nikolaev and coworkers [36, 89, 90] have stud- 
ied oxide - based magnetic multilayers and heterostructures grown by ozone assisted 
molecular beam epitaxy method. They have measured magnetization and the low 
temperature magnetoresistance in multilayers and heterostructures of ferromagnetic 
Laz/sBaiisMnOs (LBMO) and paramagnetic LNO grown on [001 ) oriented SrTiOs 
{STO). The multilayers are sandwiched between 50A thick LNO layers and are char- 
acterized by the reflection high energy electron diffraction (RHEED) and X - ray 
diffraction. The multilayers with lower spacer layer thickness [11.5 A arid 15.3 A) 
show the signature ofantiferromagnetic coupling. These multilayers show a small 
(< 0.2 %) hysteretic, positive low-field magnetoresistance. They have suggested that 
the positive magnetoresistance is due to the small mean free path in the mangan- 
ites. They have calculated the interlayer exchange coupling for a superlattice with 
15 A spacer layer using the relation J — HsatMsatipM, where Hsat, Msat and tpM are 
saturation field, saturation magnetization and magnetic layer thickness respectively. 
The saturation field of the sample starts to grow and saturation magnetic moment 
falls with the increasing temperature [55]. The interlayer exchange coupling in these 
multilayers shows an oscillatory behavior as a function of the spacer layer thickness. 
To explain this oscillatory interlayer exchange coupling, Nikolaev et al. have used 
the RKKY model. Calculation based on the Fermi surface parameters of LNO com- 
pared well with the experimental data. This group has also measured field dependent 
magnetoresistance of the multilayers at 55 K. The samples with antiferromagnetic 
interlayer coupling show low-field positive magnetoresistance while the samples with 
ferromagnetic coupling show negative magnetoresistance. These authors have sug- 
gested that this behavior originates from the variation of the electronic structure of 
the system due to the change in the magnetic configuration. 

Izumi et al. [42, 91, 92] have studied the structural, magnetic and magneto- 
transport properties of some manganites based superlattices grown by PLD method. 
Their superlattices consist of metallic ferromagnetic Lao.eSro.^, MnOs as the magnetic 
layer and three different nonmagnetic spacer layers. These are; metallic antiferromag- 
net Lao^sSro.ssMnOs [91], insulating antiferromagnet Lao.eSro.iFeOs (LSFO) [42] 
and insulating diamagnet SrTiOg [92]. The compound Lao.eSro^MnOs is metallic 
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below the Curie temperature Tc ~ 3J^0 K and Lao.isSro.ssMnOa shows a metallic 
behavior with the Neel temperature of ~ 230 K. The samples with thinner spacer lay- 
ers show large magnetoresistance at low temperatures. Izumi et al. have interpreted 
this behavior in terms of the magnetic field induced alignment of canted spins at the 
interfaces. The magnetic transition temperature and ferromagnetic volume fraction 
of superlattices with LSFO spacer layers, reduce as the spacer layer thickness is in- 
creased from 2 u.c. to 5 u.c.. The resistivity and magnetoresistance of these samples 
at low temperatures show opposite trend. These authors have suggested that the an- 
tiferromagnetic spin arrangement in the LSFO layers modifies the ferromagnetic spin 
arrangement of the Lao.eSro.^MnOa layers via a frustrated magnetic interaction at 
the interfaces. The effective strength of antiferromagnetic interaction caused by the 
LSFO layer seems to depend on its thickness. In the case of superlattices with STO 
spacers, the resistivity shows a clear crossover from insulating to a metallic state when 
the STO layer thickness reduced from 5 u.c.. This recovery of conductivity at lower 
thicknesses oi STO has been argued to be due to electron hopping and hybridization 
effects through the STO layers. These samples also show suppressed magnetization 
and large magnetoresistance at low temperatures. 

Venimadhav et al. [.^7, 55] have studied electrical and magnetic properties 
of two different classes of manganite based superlattices grown on {001) oriented 
LaAlOs {LAO) by PLD method. One class of superlattices consisting of ferromag- 
netic Lao.erCao.ssMnOs and insulating LaMnOs, Pro.7Cao.3MnO 3 {PCMO) and 
Ndo.5Cao.5MnO 3 {NCMO). While the samples with PCMO and NCMO spacers 
show enhanced magnetoresistance, such effects are not seen in superlattices with 
LaMnOs spacer layers. Venimadhav et al. have also fabricated superlattice con- 
sisting of ferromagnetic Lao.6Pbo.4Mn03 {LPMO : Tc 320 K) and a metallic 
but non-superconducting cuprate La 4 BaCu 5 0t3+x- The ferromagnetic layer thick- 
ness {10 u.c.) is fixed while the thickness of the nonmagnetic layer varies form 1 u.c. 
to 8 U.C.. The Curie temperature, saturation field and magnetoresistance of these 
samples decreases as the spacer layer thickness increases. The authors have sug- 
gested canting of the spin structure near the interface as the mechanism for reduced 
magnetization and lower Tc- Sahana et al. [ 94 ] have measured X — ray diffraction in- 
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tensity, susceptibility and magnetoresistance of the superlattices consisting of LPMO 
and Lao.ssMnO 3-s. The compound Lao.ssMnOs-s shows insulating behavior with 
a paramagnetic to antiferromagnetic transition. These superlattices show enhanced 
magnetoresistance near the transition temperature of LPMO. 

Panagiotopoulos et al [40, 95] have studied superlattices consisting of ferro- 
magnetic LasjsCa 1 jsMnOs and antiferromagnetic Lai fs Ca2f3Mn03 grown on {001 ) 
oriented LAO by PLD method. They have fabricated three different series of mul- 
tilayer on 40 nm thick antiferromagnetic buffer layer: these are; (z) equal thickness 
of magnetic and antiferromagnetic layers forming superlattice period 2, 5, 8, 1 0, 20 
and 32 nm, {ii) ferromagnetic layer thickness {3 nm) is fixed and antiferromagnetic 
layer thickness varies [1.5, 3, 4-3 and 6 nm), and [Hi), antiferromagnetic layer thick- 
ness {3 nm) is fixed and ferromagnetic layer thickness varies {1.5, 3, 4-5 and 6 nm). 
These samples are characterized by low angle as well as high angle X - ray diffrac- 
tion. Magnetic measurements of these samples show exchange biasing behavior at low 
temperatures. Exchange bias behavior is also observed in the sputtered deposited su- 
perlattices consisting of charge ordered insulator Lci/^ Cas/^MnOs {Too ~ i80 K) 
and metallic ferromagnet La2f3Srii3Mn03 {Tc ~ 330 K) [96]. 

H. Li and coworkers [ 44 ] have measured resistivity and magnetoresistance 
of superlattices consisting of La2i3CaiisMn03 and the antiferromagnetic insulator 
Pr2/3Cai/3Mn03. In these samples the magnetic layer thickness is fixed at 100 A 
and nonmagnetic layer thickness varies in steps of 5 , 10, 20, 30 and 100 A. The super- 
lattices were grown on {110) oriented NdGaOs substrate by facing target sputtering 
technique. A sharp transition and enhanced low field magnetoresistance near Tc is 
observed in these samples. Li et al. have interpreted this behavior in terms of the in- 
homogeneities in manganites involving ferromagnetic and antiferromagnetic domains. 
Yafeng Lu et al. [97] have studied structure, cross-sectional morphology and trans- 
port properties of superlattices consisting of La2f3Bai/3Mn03 and SrTi03. These 
superlattices were grown on {001) STO and {001) NdGa03 substrates by the laser 
molecular beam epitaxy method. The Tc- of LBMO is reduced in these superlattices 
also there is enhancement in magnetoresistance. The authors attribute these observa- 
tions to a strong biaxial distortion due to lattice mismatch between the constituents. 


1.3. Transition metal perovskite oxide superlattices 


31 


A correlation is seen between the strain and metal - insulator transition temperature. 
Dorr et al. [P5] have studied the naicrostructure, coercive field and magnetotransport 
in superlattices consisting of Lao.7Sro.3MnO 3 and SrTi03 as a function ofSTO layer 
thickness. These multilayers were grown on {001 ) STO substrates by PLD in off-axis 
geometry. X - ray diffraction and transmission electron microscopy studies confirm 
a well-defined superlattice structure, coherent growth, and fairly smooth interfaces of 
these samples. For Lao.7Sro.3MnO 3 thickness below 3 nm, a drop in Curie tempera- 
ture and a strong enhancement in coercive field have been seen. The current-in-plane 
transport shows a transition from metallic to insulating behavior at magnetic layer 
thickness >^2.3 nm. 

Jo et al. [41] have measured the electrical transport properties of multilayers 
consisting of Lao.7Cao.3MnO 3 and SrTi03 grown on {001) STO by PLD method. 
The spacer layer thickness in this series was kept constant at 7 nm where as the LCMO 
was varied. The metallic behavior of LCMO in these samples was suppressed as the 
magnetic layer thickness was reduced from 25 nm to 2.5 nm. Correspondingly there is 
a drop in the magnetic moment per Mn ion. These samples with higher magnetic layer 
thickness show enhanced magnetoresistance at low temperatures. Jo et al. have sug- 
gested that this behavior originates from magnetic inhomogeneities along the growth 
direction and magnetically disordered interfaces. Kwon et al. [43] have also mea- 
sured transport properties of superlattices consisting of iao.yC'oo.^MnD^ and SrTi03 
grown on {001) oriented LAO by PLD method. These superlattices show enhanced 
magnetoresistance and broad magnetoresistance transition. T. Kawai and coworkers 
[99] have studied magnetic and transport properties of a series of superlattices grown 
on {001 ), {110) and {111) STO substrates by laser molecular beam epitaxy. The su- 
perlattices consisting of ferromagnetic La{Sr)Mn03 and antiferromagnetic LaFeOs 
are studied as a function of magnetic and spacer layer thickness. These samples show 
reduced ferromagnetism when the ferromagnetic layer thickness is smaller than the an- 
tiferromagnetic layer thickness, and bulk-like ferromagnetism when the ferromagnetic 
layer thickness is larger than the antiferromagnetic layer thickness. The samples with 
individual magnetic and antiferromagnetic layer thickness < 2 u.c. show 35 % mag- 
netoresistance near the transition temperature. They have attributed this behavior to 
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spin frustration in FM layers caused by the neighboring antiferromagnetic layers. The 
superlattices with ferromagnetic Laj-s^nOs and antiferromagnetic LaFeOs were 
grown on {111) oriented SvTiOs show ferromagnetic (or ferrimagnetic) behavior and 
a reduced magnetization as the stacking periodicity of the superlattices is decreased. 
The samples grown on {001) or {110) oriented substrates show spin frustration effect 
at the interfaces. Kawai et al. have also made superlattices with layers of 
and LaMOs where M = Ni, Co, Fe and Cr. The samples with M = Fe and Cr have 
a reduced T c where as the T c is enhanced for M = Ni and Co. This variation of 
transition temperature has been explained in the framework of molecular field theory. 
Most importantly, the superlattices consisting of antiferromagnetic layers of LaCrOs 
and LaFeOs deposited on {111) STO show ferromagnetic behavior consistent with 
the Kanamori - Goodenough rules. 

1.4 Motivation for the present work 

The phenomena of lEC and GMR have been studied extensively in the case 
of 3d - transition metal based superlattices such as Fe - Cr, studies of the effects 
of artificially introduced periodicity on transport and magnetization in oxide - based 
multilayers is an emerging field of research. This thesis focuses on two types of 
superlattices of the ferromagnetic manganite Lao.7Cao.3MnO 3. In one case the spacer 
thin films are of LaNiOs which is a metallic and non-magnetic perovskite with good 
lattice match with LCMO. The spacer material in the second multilayer system is 
Ero.7Sro.3MnO 3 {ESMO) which has paramagnetic and insulating ground state. 

In chapter 1 of the thesis, we review some basic aspects of transport and 
magnetism in 3d - transition metal based superlattices. This is followed by a summary 
of some general properties of the mixed - valence manganites and recent research on 
magnetic ordering and magnetotransport in variety of manganite based thin film 
heterostructures and multilayers. 

Chapter 2 describes the methodology used to prepare laser ablation targets and 
fabrication of thin films and multilayers using pulsed laser deposition. This is followed 
by a description of instrumentation developed and used to study the structural and 
physical properties of thin films and multilayers. 
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Chapter 3 presents detailed studies of thickness dependence of the resistivity 
and inagnetoresistance in thin films of Lao.TCap.sMnO 3 . The structural and physical 
properties of thin films of the perovskite manganites depend sensitively on deposition 
parameters, crystallinity, strain and thickness. We have monitored the change in 
lattice parameter due to lattice mismatch induced strain and thicknesses using X — 
ray diffraction. These changes in the structure affect resistivity and magnetoresistance 
of the films. We note that at lower thickness the resistivity of the films is highly 
sensitive to the substrate induced stress and roughness. These factors manifest 
themselves as enhanced residual resistivity, suppressed Tc and insulating behavior 
at low temperatures. We also note that the overall quality of films is better on 
SrTiOs substrate. It improves further, if a TfOg terminated surface is realized through 
suitable etching. 

Chapter 4 deals with the characterization of thin films of LaNiOs and 
Ero.TSvo.sMnOs used as spacer layers in the superlattices. The nicolate is 
a paramagnetic metal while Ero.rSro.sMnOs is a paramagnetic insulator. These 
compounds show negligible change in resistance in the presence of a magnetic field. 
We compare the resistivity of ultra - thin films of LaNiOs deposited on LaAlOs with 
SrTiOs and Lao. 7 Cao. 3 MnO 3 buffer layers. 

Chapter 5 describes the crystallographic structure, and the temperature and 
magnetic field dependent resistivity of LCMO/LNO superlattices grown on LaAlOs 
and SrTiOs substrates as a function of spacer layer thickness. The normal- to-the- 
plane lattice parameter of the superlattices deposited on LaAlOs approaches the bulk 
value as the spacer layer thickness increases, while on SrTiOs it shows a negligible 
variation. The electron transport in superlattices with the spacer layer thickness 
< 4 unit cell is characterized by a thermally activated resistivity and a large MR 
at low temperatures. As the spacer layer thickness increases above four unit cell the 
thermally activated behavior is suppressed. A parallel resistor model, which explicitly 
takes into account the interfacial disorder in each unit of the superlattice, correctly 
reproduces the broad features of the resistivity curves. The field dependent resistivity 
for samples with lower spacer layer at lowest temperatures show a magnetorelaxor - 
type of behavior. 
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In chapter 6 we present the changes in magnetization and magnetotransport 
properties as the magnetic layer thickness is increased to 20 u.c.. Here the electronic 
transport shows a transition from the transport behavior of the ferromagnetic layer to 
that of the non-magnetic spacer layer as the spacer layer thickness increases from 1 u.c. 
to 10 U.C.. The saturation field and remnant magnetization show antiferromagnetic 
interlayer coupling for n ^ 2 followed by an overdamped oscillatory behavior with 
period of ~ ^ u.c. with the increasing spacer layer thickness. The low temperature 
magnetoresistance of the antiferromagnetically - coupled superlattices is characterized 
by a steep increase up to a critical field, whereas in the ferromagnetically coupled 
samples the magnetoresistance rises monotonically. 

In chapter 7 we examine the perpendicular-to-plane magnetoresistance of 
LCMO/LNO superlattices by sandwiching them between two YBazCu307 {YBCO) 
electrodes. The perpendicular-to-plane magnetoresistance in the temperature window 
of 20 K to 80 K is larger by a factor ~ i5 compared to the magnetoresistance parallel 
to film plane. 

In chapter 8 we report electrical and magnetic behavior of LCMO/ESMO 
superlattices. The magnetoresistance at the lowest temperatures rises with the 
increase in spacer layer thickness, and approaches ~ 100 %m the sample with 10 u.c. 
thick spacer layer. At the lowest temperatures the magnetoresistance also shows 
a steep increase up to a critical field, which shifts to the higher values with the 
increasing spacer layer thickness. These samples also show a giant loss of magnetic 
moment per Mn site in Lao.7Cao.3MnO 3, as the spacer layer thickness is increased. 
This phenomenon is a signature of spin frustration at interlayer. In these samples 
the ZFC hysteresis loop is symmetric around the zero field and FC hysteresis loop 
shifted towards the negative fields. 

In chapter 9 we present the summary of the work and identify scope for further 
research. 


Chapter 2 


Sample fabrication and 
characterization methods 


2.1 Introduction 

There are several techniques, with certain advantages and disadvantages, to 
fabricate thin films and multilayers. Pulsed laser deposition method is one of the 
widely used thin film fabrication processes to deposit transition metal oxides. Ceramic 
targets synthesized by the solid - state reaction method are commonly used for laser 
ablation. There are several parameters which critically affect the quality of films. 
Any deviation in these parameters of deposition can create defects, formation of dead 
layer, loss of stoichiometry and metastable phases in the thin film. In general, the 
objective is to have films which show the properties similar to that of a bulk single 
crystal. This requires characterization of the films by a large number of diagnostic 
tools. 

In this chapter, we give a brief overview of preparation of stoichiometric bulk 
ceramic targets using the solid - state reaction method. This is followed by a brief 
description of instrumentation of pulsed laser deposition method used for the fabri- 
cation of thin films. Then the buffered HF procedure used to improve the surface 
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roughness of the substrate. We discuss the use of atomic force microscopy technique 
used for measurements of surface topography and X - ray diffraction used to study 
crystal structure and epitaxial growth of thin films. Here we also describe the design 
and fabrication of a dipstick cryostat and a superconducting magnet and the proce- 
dures used to measure temperature dependent electronic transport in the presence of 
a magnetic field. Finally, we give a brief description for the procedure used to measure 
the temperature and field dependent magnetization. 


2.2 Target preparation 

Targets for laser ablation were prepared by the standard solid - state reaction 
method from oxides and carbonates of relevant metals. These oxides and carbon- 
ates were taken in stoichiometric proportions to achieve the desired composition, and 
mixed thoroughly to achieve homogeneity. After grinding the mixture for a period 
of 2 hrs, it was calcined at 1150 °C for 15 hrs. During this process, the carbonates 
dissociate into oxides of respective metals and CO 2 escapes into the atmosphere. For 
easy escape of CO 2 and moisture, calcination is preferable in the powder form. The 
grinding and calcination processes were repeated three times following the same steps. 
The calcined mixture was finally palletized in the form of a S cm diameter disc and 
sintered at high temperature for 10 hrs. Two sintering temperatures were used; for 

Ti .tc 

the manganites and nicol a t e we used I 4 .OO °C, where as YBa 2 Cu 203 targets were 
sintered at 970 ° C. 

The process of pelletization introduces strain, plastic flow and reduction of 
pore size of the powder. The pelletization was done under 40 KPa pressure using a 
hydraulic press. Sometimes crack introduced by inhomogeneous compression tend to 
grow during sintering for reason of stress relief. During sintering the fine particles of 
the compound agglomerate when heated at a suitable temperature. This agglomera- 
tion is accompanied usually by a decrease in the porosity and an increase in density. 
In traditional ceramic processing the typical sintering temperature is three quarter 
of the melting temperature expressed in the absolute scale. In general, five different 
transport processes have been considered as contributing to the observed configu- 
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rational change dining sintering. These are, viscous flow, plastic flow, evaporation 
condensation, volume diffusion and surface diffusion. 

2.3 Thin film fabrication 

Thin films and multilayer structures can be synthesized, in principle, by any 
thin film deposition technique. Physical vapor deposition [PVD) has been employed 
extensively for this purpose. Some examples of PVD techniques are; Thermal evap- 
oration, electron beam heating, dc or rf sputtering, ion beam sputtering and pulsed 
laser deposition {PLD). Although PLD method was first used as early as 1968, it 
gained popularity only after the discovery of high Tc superconductivity in copper 
oxide based perovskites. The physical processes in PLD include coupling of electro- 
magnetic radiation with condensed matter (target), production of nascent plasma of 
the target material and finally its expansion away from the target and condensation 
of the gaseous species on the substrate. The technique of pulsed laser deposition has 
several advantages for thin film growth, some of them are; 

1. The energy source (Laser) for production of atomic and molecular species is 
outside the vacuum chamber. This provides a much greater degree of flexibility 
in material use and geometrical arrangement of substrate, heater etc. 

2. Almost any solid material can be ablated. The kinetic energies of the ablated 
species lie mainly in a range that promotes surface mobility on the substrate. 

3. Very precise control over growth rate can be achieved by tuning the pulsed 
energy and repetition rate. 

4. Film stoichiometry close to the target can be realized. Since the time scale of 
ablation is so fast that the concepts of congruent melting and evaporation do 
not apply. All constituents of the target are deposited at the same rate. 

5. The ability to produce species with electronic states far from chemical 
equilibrium has the potential to produce novel or metastable materials that 
would be unattainable under thermal conditions. 
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The PLD technique also has the following disadvantages. 

1. Ejection of nano and microscale clusters from the target during ablation. 
However, a considerable degree of success has been achieved in recent years 
in controlling the particulate matter. 

2. Formation of crystallographic defects in the film by bombardment of high kinetic 
energy atoms and molecules. 

3. Inhomogeneous flux and angular energy distribution within the ablation plume, 
which can lead to thickness variation and non-stoichiometry. 

2.3.1 Excimer laser 

A schematic diagram of thin film growth by the pulsed laser ablation is shown 
in the Fig. 2.1. We have used a commercial excimer laser Lumonics’ PM - 800 for 
PLD. The excimer is a gas laser system, which emits radiation in the UV region. 
The excimer molecules are formed in a gaseous mixture of halogen (Fg) and rare gas 
(Kr) in a background buffer gas (Ne) at several atmospheric pressure. The gases are 
normally supplied from separate high pressure gas cylinders. The laser is operated 
with a gas mixture at 4'700 mbar. The system can achieve pulse repetition rates up to 
20 hertz with energies '^ 650 mJ /pulse. The laser head is first evacuated, and then 
recommended quantities of Fg and Kr are introduced, followed by the addition of 
Ne gas to the required operating pressure. The entire procedure is generally carried 
out automatically by the laser’s microprocessor control. The number of laser pulses, 
pulse repetition rate, pulse energy and the operation of the laser are controlled by the 
microprocessor. Energy is pumped into the gas mixture through avalanche electric 
discharge excitation. The discharge creates ionic and electronically excited species 
that react chemically and produce excimer molecules. Once the excimer is formed, 
the lasing action takes place between the bound upper electronic state and a repulsive 
or weakly bound ground state. As the ground state is repulsive, the excimer molecule 
can dissociate rapidly and the ratio of upper state lifetime to lower state lifetime is 
high. This makes the excimer the perfect laser medium because population inversion 
and therefore high gain are so easily achieved. 




Figure 2.1: Panel (a) represents the shcematic diagram of the deposition chamber 
during film deposition. A bulk target used for ablation and a substrate mounted on 
a heater block are shown in panel(b). 
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2.3.2 Deposition Chamber 

We have used a custom made, all - stainless steel vacuum chamber for PhD. 
The chamber is evacuated with mechanical and oil diffusion pumps to a base pressure 
of~ 5 X 10~^ Torr. To eliminate back streaming of oil vapors, the chamber is 
equipped with a liquid nitrogen trap. The chamber also has provision for inletting 
desired gas through a mass flow controller and a quartz window for the entry of the 
laser beam. Further, the chamber is equipped with a multi - target carousal and 
substrate heater capable of reaching 800° C in oxygen environment. 

2.3.3 Substrate surface and epitaxy 

A layer-by-layer epitaxial growth is essential for synthesis of high quality su- 
perlattices. For a given lattice misfit ((a - b) / b) where a and b are lattice parameters 
of the film and substrate respectively, the incommensurate structure (a ^ b) is sta- 
bilized by strong addatom - addatom coupling compared to the addatom - substrate 
interaction. If the later is stronger, the commensurate (a = b) structure is stable. In 
this case we say there is epitaxy. In general, if lattice misfit ((a - b) / b) is within 
1 — 2% film growth takes place in layer-by-layer mode accommodating the difference 
(a - 6) through expansion or contraction of the in-plane lattice parameter. At larger 
thicknesses, the compressive or tensile strain is relieved through production of lattice 
defects. However, if lattice misfit is significantly large, an island - type growth starts 
at the beginning of the deposition. The nature of substrate largely controls the film 
growth morphology, defect structures and level of stress. For heteroepitaxial growth, 
the choice of the substrate depends on several factors of which the most important are 
the compatibility of lattice parameter, an atomically smooth surface, match between 
thermal coefficient of expansion with the deposit and chemical and physical inertness. 

The substrates commonly used for epitaxial growth of manganites are {001 ) cut 
single crystal wafers of SrTiOs {STO) and LaAlOg {LAO). Commercially available 
wafers are prepared by mechano chemical polishing with an alkaline solution containing 
suspension of silica particles. Kawasaki et al. [100] have shown that the surfaces of 
such wafers have small corrugation of 0.2 to 0.8 nm diameter. The {001) direction 
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of STO consists of alternating stacks of SrO and atomic planes. Kawasaki 
et al. suggested that if one of the two atomic planes is dissolved in a wet solution, 
then it is possible to prepare an atomically smooth surface terminated by undissolved 
atomic plane. They have shown that a buffered HF [BHF) solution with pH = 15 
selectively dissolve the StO planes to form an atomically smooth surface terminated 
by the planes. 

We have used BHF treatment of our STO substrates. After the treatment, 
substrates were glued on the heater block using silver paint. Temperature of the 
heater block was monitored with a Chromel - Alumel thermocouple. The heater is 
mounted in front of the target at a desired distance. Since the uniformity of the 
layer thickness depends on the source to substrate distance, we have optimized this 
separation carefully. 


2.3.4 Deposition of thin films and Superlattices 

Bulk ceramic targets of the desired stoichiometry were glued on aluminum 
holders with silver epoxy. The target holder assembly consisting of a rotating stage 
can hold six targets at a time. The polished surface of the target was adjusted with 
respect to the laser focal point to achieve the desire fluence. The pulses of energy 
800 mj) were focused on the target to realize an areal energy density 3 J/cm^ . 
To remove possible contamination from the target, predeposition laser ablation was 
carried out while keeping a shutter in front of the substrates. The deposition of films 
and superlattices was carried out at 4 OO mTorr partial pressure of oxygen, while the 
laser repetition rate and substrate temperature were held aX 10 hertz and 750 °C 
respectively. The deposition rate per laser pulse from different targets was calibrated 
by measuring the thickness of several films. For fabrication of multilayers, target of 
the constituent compounds were brought in front of the laser beam for a precalibrated 
duration. After completion of the run, deposition chamber was backfilled with oxygen 
to atmospheric pressure, and the samples were cooled to room temperature at the rate 
oi 5 °C/mm. 
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2.4 Structural and physical characterization 
methods 

2.4.1 Stoichiometry and Surface morphology 

The stoichiometry, epitaxial quality and surface morphology are important as- 
pects in the growth of superlattices or heterostructures. We have studied these factors 
with the use of different characterization techniques. Rutherford backscattering is a 
powerful technique to measure stoichiometry and thickness. These measurements were 
performed at the van de Graaff laboratory of our institute using 1.4 1.6 MeV H e+ 

ions. A surface barrier detector was placed at 150 ° with respect to tlie incident beam 
to detect the scattered ions. The Rutherford backscattering spectra were analyzed 
using the RUMP simulation code [101]. We have examined the surface morphol- 
ogy of thin films using atomic force microscopy {AFM). These measurements were 
performed at the nano - imaging laboratory of I.LT. KANPUR using a commercial 
microscope (Molecular Imaging USA : PicoSPM - 4) with AFM A scanner. The film 
surface was monitored in magnetic AC mode with a magnetic coated cantilever (force 
constant 2.8 N/m and resonance frequency 75 K Hz) using PicoSCAN ~ 4 software. 

2.4.2 Structural characterization 

Physical properties of thin films and superlattices depend sensitively on their 
crystallinity, strain, roughness and crystallographic structure. Characterization of the 
structure therefore becomes a prerequisite to understand various physical properties. 
X — ray diffraction is the most powerful technique for structure determination of 
macroscopic specimen. Techniques based on electron diffraction and imaging are 
useful but do not give a global picture of the structure. X - ray diffraction offers high 
intrinsic accuracy due to the accurate knowledge of wavelength and layer diffraction 
angles. Also, in this case the specimen may stay in air and is not exposed to damaging 
radiation nor excessive heat transfer. 

In a standard X - ray experiment in the Bragg geometry, radiation of wave- 
length A is diffracted from the equally spaced atomic planes. The path difference 
between the diffracted X - rays from two adjacent planes is 2d sinO, where d is their 
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separation and B the angle between incident beam and plane - normal. The radiation 
diffracted from the adjacent plane will be completely in phase if the path difference is 
equal to a hole number n of the wavelength. The mathematical condition for diffrac- 
tion is therefore M sinB = nA. This relation was first formulated by W. L. Bragg, and 
is known as Bragg law. The angle between the diffracted and transmitted radiation 
is .26'. This is known as diffraction angle and it is this angle, rather than 9, which is 
usually measured experimentally. 

We have used a commercial diffractometer (Rich. Seifert model no. XRD3000P) 
to study thin film epitaxy of single layer and superstructure of epitaxial multilayers. 
The diffractometer consists of a radiation source and radiation detector on the cir- 
cumference of a vertical circle of radius R. The source here is a sealed X - ray tube 
generator. It contains a tungsten filament, which emits electrons, and a polished metal 
target made of Cu. X - rays are produced from the target surface on electron bom- 
bardment. The radiation from an AT - ray tube consist of continuous bremstrahlung 
spectrum superimposed with the characteristic peaks of the target element. A few 
micron thick homogeneous and pin-hole free Ni - foil, which has its K — absorption 
edge between Ka and lines of the target, is used as a filter for Kp lines. The 
thin film sample stage is at the center of the circle. While the sample position is 
fixed, a stepper motor assembly provides for the rotation of radiation source and de- 
tector. The goniometer is capable of maintaining and changing vertical 26 ox B — 6 
positions with an angular position of 120 degree. The operation and control of the 
diffractometer and recording of the counter output are performed through computer 
control software. 

The diffraction profile from an ideal superlattice is a superposition of the 
diffracted radiation from three sources. It consists of Bragg diffraction maxima from 
the atomic planes of the constituents and multiple satellite peaks on both sides of these 
maxima. The position of the multiple satellite peaks of structurally coherence super- 
lattice is determine by the relation [102]: 2 = where 0 is angle at the peak 

position, n is the integer that labels the order of the satellite around the fundamental 
Bragg peak, Xx is the X - ray wavelength, A is the superlattice period (modulation 
wavelength) and d = ^, where N is the number of atomic planes of the constituent 
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in one period of the superlattice. Modulation wavelength can be expressed in terms 
of the angular position of two successive satellite peaks: A = jg x 
where Oi and are the angular position of the ith and (i + l)t/i satellite peaks. 
Using this relation the value of A can be determined from any order of successive 
satellite peaks have well - defined intensity. 

2.4.3 Transport measurements 

Measurements of resistivity and magnetoresistance were carried out in a liquid 
helium storage dewar. The dewar neck is chosen to be as narrow as possible in order 
to minimize the entry of thermal radiation into the helium bath. At the same time 
the neck is wide enough to allow the user ample room to insert the experiment. 
The neck of our 50 liters liquid helium storage dewar is 2 inches in diameter and it 
houses a superconducting solenoid. The physical size of the solenoid is limited by the 
neck of the storage dewar. It also limits the space inside the solenoid to accommodate 
insertable dipstick cryostat for experiment. The magnet form is an aluminum mandrel. 
It has 25 layers with 330 tums/layer of 0.33 nm diameter Nh - Ti multifilamentary 
superconducting wire. A sketch of the superconducting magnet assembly is shown in 
Fig. 2.2. 

A schematic diagram of the dipstick cryostat designed for use in the super- 
conducting solenoid is shown in Fig. 2.3. This cryostat could produce a wide range 
of temperatures with good temperature control. A resistance (Lake shore Cernox 
sensor) is used for temperature measurement and control in conjunction with a con- 
stantan wire heater. Six twisted pairs of copper wire provide electrical connections. 
The vacuum pumping line of the cryostat is made of thin wall stainless steel tube, 
because of its high strength, small heat capacity and poor thermal conductivity. A 
brass head designed as the holder of a vacuum - sealed multipin connector, has a bel- 
low sealed vacuum valve. The brass head is hard soldered to one end of the stainless 
steel pipe. A resistance heater is wound on an oxygen free high conductivity [OFHC) 
copper rod at the free end of the stainless steel pipe. A horizontal OFHC copper 
plate soft soldered on an OFHC copper screw head is screwed at the other end of the 
OFHC copper rod. A flange is hard solder on the stainless steel pipe at a suitable 
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Figure 2.2: Schematic view of insertable superconducting solenoid assembly. 
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1 . Dip stick probe 

Inside cane 

2. Heater on a copper rod 

3. Flat copperplate 


Figure 2.3: Schematic diagram of insertable dipstick probe used for transport 
measurements. 
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position to provide screAv tight vacuum fitting to the stainless steel vacuum can with 
indium 0 ring. All instrumentation leads were wrapped around the stainless steel 
pipe below the brass flange to provide heat sink. The resistance thermometer was 
mounted on the reverse side of the OFHC copper plate, whose front face holds the 
sample. Silver pads were evaporated on the sample for making electrical contacts. 
The pumping line is also used to admit exchange gas (helium gas) to cool the sample 
from the room temperature to 4.2 K. We have used a Keithley 224 programmable 
current source to apply current to the sample and the voltage developed across the 
sample was measured with a HP 34420A nano volt/micro ohm meter. The sample 
temperature was monitored by using a Lake Shore 331 temperature controller. A 
HP 6012B DC power supply was used to supply constant dc current to the super- 
conducting solenoid. All these instruments were controlled through GPIB interface. 
Measurements of resistivity and magnetoresistance were carried out in constant field 
as well as constant temperature modes. The magnetic field was scanned from zero to 
-1- 4 tesla followed by cyclic sweep between -t- 4 to — ^ tesla. For some samples 
the cyclic sweeps between -1- 4 tesla to — tesla of the in-plane magnetic field were 
repeated. We have also used constant voltage methods. A fixed or variable voltage 
was impressed on the sample and the current was monitored, by measuring the voltage 
drop across a metal film resistor. This was the preferred method of measurement for 
current-voltage {I - V) characteristic and the electric field dependent R vs. T curves 
in the temperature range 20 K - 300 K. The constant voltage measurements were 
performed using a CTI closed cycle helium refrigerator. 

2.4.4 Magnetization 

The magnetization measurements were performed using a superconducting 
quantum interference device {SQUID) magnetometer at Laboratoire de physique du 
solide, Ecole Superieure de physique Chime Industrielles de.la Ville de Paris, CNRS 
UPR 5, 75231 Paris Cedex 5, Prance. Some measurements were also performed at 
the new SQUID laboratory of Indian Institute of Technology, Kanpur (India) using 
Quantum Designed MPMS system. The change in the spontaneous magnetization 
with temperature was measured in a low in-plane magnetic field. Both zero-field-cool 
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{ZFC) and field-cooled {FC) measurements were performed. In the first case, the 
sample is first cooled down to 4.2 K, a 50 Gauss external magnetic field is applied 
along the {100) direction and magnetization is measured on heating the sample upto 
room temperature. In other case, a, 50 Gauss external magnetic field is applied along 
the (100) direction at room temperature, the sample is cooled down to 4-S K and 
the field-cooled magnetization is measured on heating the sample to room tempera- 
ture. We have also measured the M - H loops with an in-plane field at 10 K. In this 
case the sample is first cooled to 10 K and then the spontaneous magnetization is 
recorded on scanning the magnetic field from zero to -I- 5 tesla followed by a cyclic 
sweep between -f 5 tesla to — 5 tesla. These measurements were carried out for two 
orientations {{010) and {100)) of the in-plane magnetic field. 

2.5 Conclusions 

We have made stoichiometric ceramic targets of Lao.7Cao.3MnO 3, LaNi03, 
Ero.7Sro.3MnO 3 and YBazCu307 using solid - state reaction method. Thin films 
and multilayers were grown on {001) oriented polished single crystal LAO and STO 
by pulsed laser deposition technique. To achieve atomically flat surface we have 
given a buffered HF treatment to the substrates before deposition of thin films and 
multilayers. The stoichiometry, surface morphology and structure of the films were 
compared from the scans of the Rutherford backscattering, atomic force microscopy 
and X — ray respectively. The transport measurements on the films and multilayers 
were performed in magnetic field to ^ tesla) and electric field {0 to 6000 V/cm) in 
the temperature range of 4-^ K to 360 K. Measurements of magnetic moment were 
performed using a SQUID based magnetometer {MPMS Quantum Designed USA). 


Chapter 3 


Physical properties of thin films of 
magnetic character 


3.1 Introduction 

The A - site carrier doped ABO 3 perovskites with Mn at the B - site show a 
rich electronic, magnetic and structural phase diagram originating from the interplay 
between lattice, charge, magnetic and orbital degrees of freedom. Most of these 
features have a close bearing on the average A - site ionic radius (r^) and the dopant 
concentration x. Out of all Mn - based ABO3 perovskites, Lais CoxMnOs is the most 
extensively studied system. Jonker and van Santen [49] have studied the transport 
and magnetization of this compound as a function of Ca concentration. Wollen and 
Koehler [5(?] were the first to study crystallographic and magnetic structure of this 
system. For x= 0, the end member LaMnOs contains only Mn^'^ ions, which arrange 
themselves in the A - type antiferromagnetic structure. Its resistivity shows thermally 
activated behavior in the entire temperature range with activation energy ranging 
from 0.1 tV to 0.36 eV [103]. For x < 0.17, the compound is antiferromagnetic 
and its resistivity is thermally activated. In the dopant range of 0.17 < x <0.5 a 
ferromagnetic phase is formed where the moments are close to the expected spin 
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only value (4 - per formula unit. The resistivity in this composition range on 
cooling below room temperature shows a transition from a thermally activated to a 
metallic - like behavior. For x— 0.5 the system shows transition from ferromagnetic 
to antiferromagnetic state accompanied by charge ordering. For x above 0.5, it is 
antiferromagnetic and show insulator - like resistivity. The end member CaMnO^ 
contains only whose tsg spins are arranged into a C? - type antiferromagnetic 

structure. The physical properties of LCMO depend on the Mriia-ca environment, 
the Mn - 0 - Mn bond angle and Mn - 0 bond length. For compound with a: ~ 0.3, 
the Curie temperature is ~ 250 K with a saturation magnetization slightly less than 
the expected spin only value oi ^ 3.7 /ig. The room temperature resistivity of the 
X = 0.3 compound varies from ~ 1 rr£l cm to ~ 50 rr£l cm. The resistivity of this 
compound near Tc shows a significant drop in presence of a magnetic field [104]- The 
transition temperature and magnetoresistance also varies with external perturbations 
such as magnetic field [105] and pressure [106]. 

While these effects are observed in equilibrium structures synthesized in the 
form of single crystals and bulk ceramics where the stereography of MnOe octahedra is 
not affected by the method of preparation, in thin films grown on a substrate, the mag- 
netotransport can be significantly different due to the substrate induced stresses. Sub- 
strate induced stress can controlled by a proper choice of substrate, thickness of film 
and the deposition parameters. The stress is also found to affect the microstructure 
of the films. Atomic force microscopy pictures of the surface of Lao.eeCao.s^MnOs 
show a highly ordered grain pattern induced by strain [107]. Lebedev et al. [108] 
have studied the microstructure in Lat-^Ca^MnOs films deposited on STO. Close 
to the interface, both the film and the substrate are elastically strained in opposite 
direction in such a way that the interface is perfectly coherent. While the upper 
part of the film shows a domain structure. The in-plane lattice parameter of thin 
films of LCMO near the substrate therefore depends on the nature of lattice mis- 
match between the film and the substrate [109]. The three dimensional strain state 
and crystallographic domain structure of Lao.s Cao. 2 MnO $ have been studied as a 
function of lattice mismatch using normal and grazing-incidence X - ray diffraction 
tephniques [110]. Both the in-plane and out-of-plane lattice parameters of LCMO 
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films vary with film thickness. Jacob et al. [Ill] have measured the c - axis lattice 
parameter of LCMO of several thicknesses deposited on STO. The lattice parameter 
increases with the increase in film thickness. Miniotas et al. [iliS] have evaluated the 
Mn - 0 and Mn - Mn bond distances in Laj^xCuxMnOs films deposited on STO 
and LA 0. The Mn — O bond length was found to be fixed, independent of substrate 
type, while the Mn - Mn distance varied. The physical properties of LCMO such 
as insulator- to-metai transition temperature, magnetoresistance [113, 114], coercive 
field [115] and microstructure [116] are strongly dependent on the film thickness. The 
zero-field resistivity of LCMO deposited on different substrates decreases with the in- 
crease in film thickness, while the transition temperature increases and saturates to 
bulk value for thicker film [117]. The magnetoresistance is lager for the film with 
lower transition temperature. Jin et al. [114] have measured the magnetoresistance 
of LCMO film deposited on LAO with different thicknesses. They have seen a max- 
imum magnetoresistance (~ 99.92 % at 77 K) for the film thickness of ~ 1000 A. 
Enhanced low field magnetoresistance has been reported and attributed to the spin - 
dependent scattering of polarized electrons at the grain boundary [118]. An ultra thin 
(~ 6 nm) Lao.sjCao.ssMnOs film deposited on STO is ferromagnetic Tc ~ 150 K 
but remains insulating [119]. This behavior is explained by the coexistence of two dif- 
ferent phases, a metallic ferromagnet (in the highly strained region) and an insulating 
antiferromagnet (in the low-strain region). Path et al. [120] have studied the phase 
inhomogeneities in thin film of LCMO using the scanning tunneling microscopy. The 
phase separation is observed below the Curie temperature where different structures of 
metallic and more insulating areas coexist and are field dependent. This suggests that 
the insulator-to-metal transition at Tc should be viewed as a percolation of metallic 
ferromagnetic domains. Ziese and coworkers [113] have measured magnetization and 
resistance of La0.7Ca0.sMnO 3 deposited on various substrates with different thick- 


ness. On decreasing the film thickness, saturation magnetization remains unchanged 
down to ~ 4 wm while the Curie temperature shows a small drop. The coercive 
field of the samples with thickness in the range ~ 9 nm to ~ 300 nm shows linear 


temperature dependence. They have deduced an electrically dead layer of thickness 


{^11 nm) at the substrate interfaces. 
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This chapter describes structural and physical characterization of single layer 
LCMO films of various thicknesses. Our X - ray study confirms an opposite na- 
ture of lattice mismatch of LCMO to the lattice parameter of LAO and STO. Our 
studies also indicate the presence of a tetragonal distortion of LCMO near the sub- 
strate - film interface. The systematic variations of room temperature resistivity and 
transition temperature with sample thickness suggest variation of lattice structure 
with film thickness. The magnetoresistance rises below the transition temperature as 
film thickness decreases. On lowering the film thickness, the transition temperature 
shifts towards the low temperatures and the resistivity become thermally activated. 
The samples with thickness (< 50 u.c.) deposited on LAO show thermally activated 
behavior on cooling below room temperature down to 4-^ K. This critical thickness 
below which no metal - like resistivity is seen is smaller for the films deposited on 
STO as compared to the film deposited on LAO. The critical thickness of the films 
on STO is highly influenced by the surface roughness of the substrate. 

3.2 Results 

3.2.1 Rutherford Backscattering, X - ray diffraction and 
Atomic Force Microscopy 

The achievement of stoichiometry and epitaxial growth are essential for fab- 
rication of superlattices. We have performed Rutherford backscattering experiment 
using L4- MeV He^ ions to establish the stoichiometry of our films. A typical Ruther- 
ford backscattering spectrum is shown in the Fig. 3 A. The RUMP simulation curve 
(solid line) fits well to the experimental data. The simulated curve gives the ele- 
mental ratio of the film (the ratio between La and Cci as 0.7 : 0.3 with an error 
it 0.02)^ and film thickness ('^ 600 A). Physical properties of thin films fabricated 
by any deposition technique depend on their thickness, microstructure and growth 
morphology, in addition to electronic structure. The equilibrium growth morphology 
depends on deposition parameters and the nature of substrate on which the film is 
being deposited. To compare the structure of LCMO films deposited on different sub- 

with the structure of bulk samples, we have taken powder X - ray diffraction 
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Figure 3.1; Rutherford backscattering spectrum of He'^ from the film and substrate. 
The sample is a ~ 600 A thick LCMO film deposited on {001) oriented STO. The 
solid line is the RUMP simulated data. 


scans of LCMO samples prepared using solid state reaction method. The {6 — 20) 
X - ray diffraction profile from a powdered sample of bulk LCMO is shown in 
Fig. 3.2 (curve a). All diffraction lines in the profile correspond to the pseudo- 
cubic perovskite structure of LCMO with the lattice parameter a = 8.86 A. The 
pseudo-cubic LAO substrate has a smaller {3.792 A) and the cubic STO has a larger 
{3.905 A) lattice constant than LCMO at room temperature. The substrate induced 
stress in LCMO is tensile (a is expanded in the in-plane and compressed in the 
out-of-plane) on STO and compressive (a is compressed in the in-plane and ex- 
panded in the out-of-plane) on LAO. X-ray diffraction profiles of the LCMO films 
grown on {001) oriented LAO and on {001) oriented STO are shown in Fig. 3.2 




Figure 3.2: X - ray {9 - 29) scans for LCMO powder sample (curve a) and LCMO 
films deposited on {001) oriented LAO (curve b) and STO (curve c). In curve (a) 
the diffraction lines are indicated by their corresponding pseudo-cubic {hkl) values. 
Curve (b) and (c) show (dOi) and {002) reflections of the substrate and the LCMO 
film due to K a and Kp excitations. 

(curve b and c respectively). The presence of only {001) fundamental Bragg peaks 
of the LCMO due to Cu - Ka and excitations along with the {001) peaks of the 
substrate, indicate strong texture and epitaxial growth of the films along the pseudo- 
cubic {001) direction. The {001) reflection from the LCMO fllm located next to the 
{001) reflection of LAO and STO substrates is shown in Fig. 3.3. The position of 
this peak depends on the film thickness, and it approaches the bulk value when the 
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thickness exceeds ~ 1000 A. The variation of the lattice parameter of LCMO de- 
posited on LAO is also shown in the inset of Fig. 3.3. It is evident from this figure 
that a stress - relaxed bulk - like structure is realized once the film thickness exceeds 
~ 1000 A. The morphology of epitaxially grown LCMO thin film was examined by 
atomic force microscopy {AFM) at room temperature. A typical AFM picture over 
an area of 10 iim x 10 fj,m oi a. 100 u.c. thick LCMO film grown on {001) LAO 
is shown in Fig. 3.4. The rms surface roughness of our films as measured by AFM is 
0.20 nm - 0.25 nm. 


Thickness (u.c.) 

60 80 100 



20 (Degree) 


Figure 3.3: Diffracted X - ray intensity around the {001) peak of LCMO films 
deposited on LAO and STO (curve a and b respectively). Figure also shows the 
{001) reflected intensity of substrate due to Kaj and Kaz excitations. Inset shows 
the pseudo-cubic c - axis lattice parameter of LCMO Aims deposited on LAO with 
different thicknesses. 
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Figure; 3.4: AFM picture of [llOl] surface of ~ 100 u.c. tliick LCMO film dt'po.siled 
on {001) oriented LAO. 


3.2.2 Electronic transport: Effect of electric and magnetic 
fields 

Fig. 3.d[a) shows the resistivity {p{H , T)) of a ~ 85 xi.c. thick LCMO him 
grown on {001 ) oriented LAO substrate. The zero-field resistivity of the film on 
cooling below room temperature first shows a thenually activated behavior, followed 
b\- metallic conduction below a temperature Tp at which it is maximum. These are 
characteristic features of the resistivity of a hole-doped manganite where the double 
exchange leads to a metallic and ferromagnetic state below a critical temperature. 
In the presence of an in-planc magnetic field, a significant drop in resistivit\' iii the 




Figure 3.5; Temperature dependent resistivity of ^ 85 u.c. thick LCMO film 
deposited on {001) oriented (o) LAO and (b) STO. Inset of panel (a) and panel 
(6) show the zero-field resistivity and magnetoresistance in 4 i^sla field respectively 
of these two films at different temperatures. 


vicinity of Tp occurs and also the critical temperature increases with the field. Quite 
similar features in the p{H, T) of ~ 85 u.c. thick LCMO film grown under identical 
condition in the same run on {001) oriented STO substrate are seen (Fig. 3.5 {b)). 
The inset of Fig. 3.5 {a) compares the temperature dependent zero-field resistivity of 
these two films. The peak in resistivity, which corresponds to the onset of ferromag- 
netic state on cooling, is at 263 K and 252 K for films on LAO and STO respectively. 
This temperature is close to the reported Curie temperature of the bulk LCMO. The 
temperature dependence of magnetoresistance ^ ^ ^.t 4 tesla 
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of these two films is shown in the inset of Fig. 3.5 {b). The general trend of the 
magnetoresistance and its peak value (~ 70 %) on the two types of substrates are 
similar. 



Fipire 3.6: Panel (a) shows zero-field electrical resistivity of LCMO films of different 
thicknesses deposited on (001) oriented LAO. Film thickness is written in the units 
of pseudo-cubic lattice parameter a = 3.86 A. The inset shows the resistivity of 
the ~ 55 u.c. and ~ 100 u.c. thick films on LAO at lower temperatures. Zero-field 
resistivity of LCMO of different thicknesses deposited on (dOi) oriented STO is shown 
in the lower panel (b). The inset shows the resistivity of the ~ 55 u.c. and 100 u.c. 
thick films on STO at lower temperatures. 
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Figure 3.7; (a) Temperature dependent electrical resistivity of a ~ 50 u.c. thick 
LCMO film deposited on {001) oriented LAO in presence of 0, 1, 2, 3 and 4 tesla 
magnetic field applied parallel to the constant in-plane current. Inset shows the 
resistivity of the same film measured in a constant voltage mode. The electric fields 
used are 2000, 4000 and 6000 V/ cm for curves from the top to bottom respectively, 
(b) Temperature dependent electrical resistivity of a ~ 50 u.c. thick LCMO film 
deposited on {001) oriented STO in presence of 0, 1, 2, 8 and 4 tesla magnetic field 
applied parallel to the constant in-plane current. Inset shows the zero-field resistivity 
plotted on a semilog scale to highlight the metallic behavior. 
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Transport properties of LCMO films on {001) oriented LAO and STO show 
a remarkable change with the film thickness. The p{0, T) oi LCMO films of various 
thicknesses deposited on {001) oriented LAO substrate is shown in Fig. 3. 6 {a). We 
note that the temperature range over which thermally activated behavior is observed 
in p{0, T) of ~ 100 u.c. thick film increases and the peak temperature Tp shifts to 
the lower temperatures with the decrease in film thickness. The magnitude of the 
resistivity also increases with the decrease in film thickness, and becomes very high 
below a certain thickness. In such films, the metallic state at the lowest temperatures 
disappears and the resistivity shows a thermally activated behavior over the entire 
temperature range between 300 K and 4. 2 K. At intermediate thicknesses (~ 55 u.c. 
to ~ 100 U.C.), the metallic resistivity below Tp disappear at the lowest temperatures 
(< 300 K) and the resistivity shows a ~ log {1/T) divergence. The inset of Fig. 3.6{a) 
shows the low temperature part of resistivity of ~ 55 u.c. to ^ 100 u.c. thick films. 
Fig. 3.6{b) shows the thickness dependent p{0, T) of LCMO on {001) oriented STO. 
The critical thickness of the LCMO film on STO above which a low temperature 
metallic state develops is smaller than that of the LCMO film on LAO. The low 
temperature behavior of resistivity of the LCMO films on STO is shown in Fig. 3.6{b) 
(inset) . 


We now discuss the metal-to-insulator transition seen in these films with de- 
creasing thickness in some detail. Fig. 3.7 {a), show the resistivity of a ~ 51? u.c. 
thick film deposited on {001) oriented LAO substrate. In zero - magnetic field the 
resistivity measured in a constant current mode shows a thermally activated behavior 
on cooling below room temperature. For T < 90 K, the resistance of the sample 
becomes comparable to the input impedance of the voltmeter ( r\j 1 GQ). However, 
in the presence of a magnetic field the resistance at lower temperatures shows a large 
drop. At 4 field for example, the resistivity is first thermally activated down to 
- 200 K. This is followed by a shoulder and then a shallow minimum at T - 100 K, 
On cooling the sample below 50 K, thermally activated behavior sets in again. 

10 OK the resistivity drops by - ^ orders of magnitude on application of ^ tesla 
field. The overall temperature and field dependence of the resistivity of this film on 




Figure 3.8; I - V characteristic of a ~ 50 u.c. thick film deposited on {001 ) oriented 
LAO at different temperatures: (a) at 25 K, both the first and repeat scan are shown 
to highlight the hysteretic behavior in the first scan; (b) 25 K data plotted to illustrate 
the exp{l/E) dependence of the resistance; (c) and (d) I - V curves at 55 K and 
75 K, respectively. 


LAO is similar to that of a charge ordered manganite such as Pro. 7 Cao. 3 MnO 3 
[61, 6 ^. Since large changes in the electrical resistance of PCMO in the CO - state 
can also be triggered through application of electric field [61, 121], we have examined 
the electric field dependence of the resistivity in these ultra thin films. In the inset of 
Fig. 8 . 7 {a) we show the resistivity of this film measured in a constant voltage mode. 
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Even at the lowest voltage {E = 2000 V/cm), the thermally activated behavior of 
resistivity becomes less pronounced at ~ 60 K. At the highest field {6000 V/cm), we 
in fact see a metallic behavior in the temperature window of 30 K to 85 K. From 
a comparison of Fig. 5.7(a) and its inset, it is clear that the electric and magnetic 
fields have similar effect on the charge transport. The resistivity of a ~ u.c. thick 
LCMO film deposited on STO along with ~ 50 u.c. film on LAO is shown in the 
Fig. 3.7{h). This film has a distinct peak (Tp), its overall value is much larger than 
that of the thicker film shown in Fig. 3.6(b). Further, the onset of the ferromagnetic 
state in this case is lowered to ~ 180 K. However, as seen in the inset of Fig. 3.7(b), 
the resistivity remains metallic down to ~ 20 K. In the presence of a tesla magnetic 
field, the magnetoresistance of this film is ~ 55 % near Tp. 


The drop in resistance on application of an electric field as seen in the inset of 
Fig. 5.7(a), must also reflect in the I - V characteristics of the sample. In Fig. 3.8 
we show the I - V characteristics of the ~ 50 u.c. film on LAO at some selected 
temperatures. For each of these measurements, the sample was first cooled to the 
desired temperature in zero electric field and then the field was scanned at a constant 
rate from zero to a maximum value followed by a reversed scan to zero-field. As 
evident in the figure, the current transport is highly nonlinear in electric field. On 
field reversal however, the behavior is hysteretic with current following the Ohm’s law. 
Subsequent field scans at the same temperature and at higher temperatures do not 
reveal the hysteresis. The behavior remains Ohmic in both directions of the field scan. 
The hysteretic state is, however, recovered if the sample is warmed up to ~ i 55 AT and 
then cooled to the temperature of measurement. Further, the current transport at 
T > 80 K is fully reversible irrespective of the sample history. Unlike the behavior of 
ffis I - F s in a charge ordered manganite where one sees sharp, step - like increase in 
current at a particular voltage, here the sample resistance goes smoothly as exp(l/E) 
with the electric field (see Fig. 5.5, panel b). Films deposited on untreated STO 

also succumb to this type of unusual transport provided their thickness is sufficiently 
small. 
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3.2.2. 1 Effect of substrate surface roughness 

In Fig. 3.9 we show the electrical resistivity of a ~ 32 u.c. thick him of 
LCMO deposited on BHF - treated and - untreated STO and LAO substrates. 
Since the resistance of some of these films at low temperatures was > 10^ Q these 
measurements had to be done in a constant electric field mode. For the film on BHF 
- STO, the 1 - V response was Ohmic and reversible over the entire temperature 
range. The resistivity of this sample goes through a peak ^ 90 K followed by a 
metallic behavior down to the lowest temperature of measurement. Film of the same 
thickness but on untreated STO has a much higher resistivity and the Tp is shifted 
to lower temperature by ~ 20 K. Moreover, the J - F characteristics of this film at 



100 150 

Temperature (K) 


Figure 3.9: Comparison of the zero-field electrical resistivity of ~ 32 u.c. film on 
BHF - treated STO {B - STO), BHF - treated LAO {B - LAO) and untreated 
STO {P - STO). Inset shows the resistivity of ~ 15 u.c. films deposited on treated 
and untreated STO substrates. The film on BHF - STO clearly shows a metallic 
behavior at low temperature. 




64 


Chapter 3. Physical properties of thin films of magnetic character 


T <70 K were highly nonlinear and hysteretic just as in the case of the film on LAO 
(Fig. 3.8). The behavior of the film on BHF treated LAO deposited along with the 
films on STO, is characterized by a thermally activated resistivity down to ~ 65 K. 
Below this temperature not much current flows through the sample even when the 
electric field is increased to 6000 V/cm. In the inset of Fig. 3.9, we compare the 
resistivity of a ~ i5 u.c. thick film on BHF - STO and untreated STO. Once again, 
the film on treated substrate shows a Tp and a metallic behavior a.t T < T p although 
its resistivity over the entire range of temperature is much high'^r than the resistivity 
of the ~ 32 u.c. film on BHF - STO. The ~ 15 u.c. film on untreated STO, on 
the other hand, is highly insulating. From these observations two conclusions can be 
drawn immediately: one, the film on STO, have better metallic behavior; and two, 
the buffer HF treatment significantly improves the film quality. The most important 
aspect of transport in these ultra thin films, however, is the mechanism responsible 
for the loss of metallic character and the dependence of transport on the strength of 
the driving force, and its hysteretic character. 

3.2.3 Magnetization 

For X 0.3, the Curie temperature of bulk LCMO in this concentration 
range is ~ 250 K with a saturation magnetization slightly less than the expected 
spin only value of ~ 3.7 iip per Mn atom. The moment is also reduced in non- 
stoichiometric, cation deficient composition with x 0.3. The compounds with 
a spontaneous magnetization considerably less than the spin only moment, exhibit 
characteristic differences in field-cooled and zero-field-cooled magnetization and a co- 
ercivity which increases rapidly at low temperatures [122]. The temperature depen- 
dence of zero-field-cool and field-cool magnetization of ~ iOt? u.c. thick LCMO film 
deposited on {001) LAO is shown in the Fig. 3.10(a). In order to compare the 
Curie temperature observed in resistivity measurement of ~ 100 u.c. film, p(T) is 
included in the Fig. 3.10(a). The ZFC and FC magnetization was measured in 
presence of 10 Gauss magnetic field applied along the (100) direction of the film. 
The ZFC magnetization increases slowly with temperature on heating above 5 K and 
becomes maximum at ~ 220 K. Between 220 K to 260 K, the magnetization drops 
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Figure 3.10: Panel (a) shows temperature dependent zero-field-cool (ZFC), field-cool 
{FC) magnetization and resistivity of a ~ 100 u.c. thick LCMO film deposited on 
{001 ) oriented LAO. Panel (b) shows the hysteresis loop of the same film. 


rapidly and above 260 K its value becomes negligibly small. The FC magnetization 
decreases slowly and then rapidly with temperature on heating above 5 K and the 
magnetization is very small above 260 K. Near the paramagnetic to ferromagnetic 
transition temperature, the magnetization is related to the temperature by simple 
power law cn (j- ’ where Mo is the saturation magnetization at T = 0, 

Tc is the Curie temperature and the critical exponent is a sensitive indicator of the 
dimensionality of the system. The low field saturation magnetization is ~ 0.85 ud. 
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The value of jS = 0.33 is similar to that of a standard Heisenberg - type spin-spin 
coupling. The temperature dependent FC magnetization was fitted with the above 
relation for ^ = 0.33. The value of o and Tc obtained from the fitting are 1.04 and 
247 K respectively. The zero-field-cool hysteresis loop of the same film measured 
at 10 K is shown in Fig. 3. 10(b). The saturation magnetic moment obtained by 
extrapolating to the zero-field is 5.^.^ ijlb- The high-field saturation magnetization is 
close to that expected for high spin manganese in octahedral coordination. For spin 
only moment, fj. = qSijlb, with g = 2, the magnetic moment of LCMO for x = 0.3 is; 
f.i= 2 iJ,B {{0.7 X 2 {from Mn^+)) -I- {0.3 x 3/2 {from Mn*'^))) = 5.7 fiB- 


3.3 Discussion 

Electronic properties of ultra thin epitaxial films are influenced by the nature 
of the substrate, which largely controls the film growth morphology, defect structure 
and the level of stress. In general, if the difference Ac between the lattice parameters 
of the film and substrate is within ~ 2 percent, film growth takes place in a layer 
by layer mode accommodating the difference A a through expansion or contraction 
of the in-plane lattice parameter. At larger thicknesses, the compressive or tensile 
state is relieved through production of lattice defects. However, if the difference 
in the lattice parameters is significantly larger, an island type growth starts at the 
beginning of film deposition [123]. The lattice parameter of bulk Lao.7Cao.3MnO 3 
is 3.86 A whereas for the cubic crystals of STO and LAO it is 3.905 A and 3.792 A 
respectively leading to Aa = — 0.045 A and -t- 0.068 A between the LCMO and the 
substrates. It is, therefore, expected that the films of LCMO on STO will be under 
tensile stress whereas the state of stress will be compressive in film deposited on LA 0. 
The stress due to the in-plane lattice mismatch leads to a compressed and expanded 
out-of-plane lattice parameter of the films of LCMO on STO and LAO respectively. - 
The out-of-plane lattice parameter calculated from the X - ray diffraction profile 
shown in Fig. 3.3 is smaller than that of the bulk value for the film on STO and 
larger for the film on LAO. The substrate induced stress is, however, gradually relived 
with the increasing film thickness. This is evident from the behavior of the lattice 
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parameter which approaches the bulk value once the thickness exceeds 1000 A. The 
inset of Fig. 5. J, shows the gradual decreases of out-of-plane lattice parameter of the 
LCMO on LAO towards the bulk value with the increase in film thickness. Further, 
the extent of lattice deformation in films on LAO is expected to be larger due the 
higher value of A a. 

In Lao. 7 Cao. 3 MnO 3 the spin disorder and strong electron - phonon scatter- 
ing result in the localization of Cg electrons, and hence an insulating behavior at 
T > Tc- A.S the temperature is lowered and spin fluctuations decrease, the combined 
itinerant/local - moment system lowers its total energy by aligning the spins ferromag- 
netically and allowing the itinerant electrons to gain kinetic energy. The increase in 
mobility of itinerant Cg electrons favors the double exchange and leads to the metallic 
state. The characteristic features of electronic transport of thick LCMO film, with 
the exception of the residual resistivity and Tp, are independent of the substrate 
and magnetic field. The application of magnetic field also causes local ordering of 
magnetic spins in the paramagnetic insulating state and hence the peak in resistivity 
shifts to higher temperatures. Cao et al. [124] explained this phenomenon in terms of 
formation of clusters or domains. In the presence of an in-plane magnetic field, we also 
observed a large drop in resistivity near Tp and a shift of Tp to higher temperatures. 
The difference in magnitude of resistivity of LCMO films deposited on STO and LAO 
substrate can be attributed to the nature of correlation between the magnetic clusters 
and localization of Cg electrons when the substrate induced distortion in the films is 
of opposite nature. The high value of Tp observed in the LCMO film deposited on 
LAO [see Fig. 3 .5 {a) (inset)] is attributed to the compressive stress, which favors 
deloclization of Cg electrons due to orbital overlap. This behavior is consistent with 
the variation of Tp of the bulk LCMO under hydrostatic pressure [106, 125] and the 
reported substrate dependent Tp of LCMO [126]. While the magnetoresistance in the 
vicinity of Tp is the same for both films, it differs significantly at other temperatures. 
A comparison of magnetoresistance of LCMO deposited on LAO and STO indicate 
the presence of more spin fluctuations in the LCMO on STO. 
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Figure 3.11: (a) Zero-field room temperature conductivity of LCMO film grown on 
{001) oriented LAO and STO with different thicknesses. The solid curve is the fit 
to the data using simple parallel resistor model, (b) Zero-field conductance of these 
samples at room temperature. The solid line is the fit to the data (see text for detail). 
Inset of panel (b) is the plot of metal insulator transition temperature . for different 
film thicknesses. 





3.3. Discussion 


69 


The thickness of these films strongly affects electronic transport and mag- 
netism. The chaiacteiistic features of the temperature dependent resistivity of bulk 
LCMO change dramatically as a function of film thickness. The variation of zero-field 
room temperature conductivity with the thickness of LCMO films deposited on {001) 
oriented LAO and STO is shown in Fig. 3.11 (a). These data have been fitted with a 
simple parallel resistor model assuming the film as combination of a conducting layer 
of LCMO and a insulating layer due to the substrate induced structural disorder with 
very small conductivity. Assuming the disordered layer conductivity to be zero, the 
conductivity of the film is approximated to a ^ <7 b {t / {t - to)), where ob is the 
bulk conductivity of LCMO and to the thickness of the substrate induced disordered 
interface layer. The conductance {at) in metals displays size-effects due to surface 
and interface scattering that is classically treated within Fuchs-Sondheimer theory 
[21, 22]. The expression for the conductance in terms of film thickness t is 


at = {aet) 


1 - 


Sis 


oo 

+ {31b + 2t) I (x-^ - x-^ ) 




dx 


(3.1) 


where era is the conductivity and Ib is the mean free path of the bulk material. In 
the limit of thick and thin films, the conductance can be approximated as; 


at = aB 



31b « t, 


(3.2) 


at — aB ^ ~ 

The carrier concentration of bulk LCMO below 100 K is ^ 5.2 x 10~^'^ m~^ [1^7], 
using this, the estimated mean free path is ~ 1.7 nm. In the paramagnetic state, if 
a mean free path can be defined, it will certainly be less than this value. Most of our 
films satisfy the condition Ib « t so eq. {3.2) is valid. This equation indicates a linear 
dependence of conductance with the film thickness. This is shown in Fig. 3.11{b). The 
value of < 7 b determined from this analysis is consistent with the measured resistivity 
of thick LCMO films. The value of ob is identical for films on STO and LAO within 
the uncertainty of these measurements. 
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Figure 3.12: Temperature dependent magnetoresistance of LCMO films of different 
thicknesses grown on {001 ) oriented LAO (panel a) and STO (panel b) with different 
thicknesses at 4 tesla in-plane magnetic field. 

Chen et al. [128] reported that the thickness dependence of Tp mainly results 
from the strain dependence of the polaronic formation energy though there are also 
contributions from the electronic bandwidth and the characteristic phonon frequency. 
The variation of metal - insulator transition temperature ( Jp) is shown in the inset 
of Fig. 3.11(b). The Tp decreases with the decrease in film thickness, with nearly 
identical behavior for LAO and STO substrates. A marginally higher Tp of LCMO 

on LAO indicates that the temperature induced spin disorder is more in the LCMO 
on STO. 
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The resistivity of LCMO with thickness shows a remarkable change in the 
presence of a magnetic field. The niagnetoresistance of LCMO films of thickness 50, 
55 and 85 u.c. deposited on LAO and STO substrate is shown in Fig. 3.12(a) 
and Fig. J. 12(b) respectively. We note that the temperature where the magnetoresis- 
tance is maximum decreases and the magnetoresistance increases as the film thickness 
is reduced. There are several possible explanations for the sharp increase of magne- 
toresistance with decreasing film thickness. The lattice distortions in highly strained 
ultrathin films can enhance electron localization, resulting in a highly resistive state. 
By applying a high magnetic field, the electrons delocalize as the magnetization in- 
creases and hence the resistance is reduced. Several groups [129] have reported an 
enhanced magnetoresistance in manganite films and bulk materials by introducing 
structural and spin disorder. The disorder can result in a reduced mobility of the 
conduction electrons. 

To investigate the behavior of temperature dependent resistivity in the para- 
magnetic state, we have used a simple Arrhenius law, a polaron model and a variable 
- range hopping model to fit the paramagnetic state resistivity data. Arrhenius law 
indicates activation energies typically 0.1 eV to 0.2 eV. We have also used the phe- 
nomenological polaron hopping expression p = CT exp where (7 is a constant, 

Wp is the polaron activation energy and K b Boltzman constant. Strong exchange 
coupling between the tg electrons and local moments is expected to give rise to mag- 
netically self-trapped carriers. These entities are free magnetic polarons (FMP) in 
contrast to the more common bound magnetic polarons (BMP) where a carrier is 
trapped by an impurity and the local magnetization is a secondary phenomenon. The 
lattice distortion (small polaron) leads to the localization of Cg electrons. The local- 
ization [130] and self-trapping [dP] of Cg electrons contribute to the polaron activation 
energy. The polaron activation energy of LCMO films changes with the film thickness, 
nature of the substrate and the magnetic field. The variation of polaron activation 
energies of ~ 100 u.c. LCMO deposited on (001) oriented LAO and STO with 
magnetic field is shown in the Fig. 3.13(a). The activation energy for the LCMO 
film on STO is smaller than the film on LAO. This observation is consistent with 
the observed higher transition temperature of the film on LAO. It annpars t}ia+ +> 1 ° 
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in-plane compression of the MnOg octahedra on LAO leads to the orbital overlap, 
thereby delocalization of Cg electrons while the in-plane expansion of MnOg on STO 
leads to localization. We attribute the higher polaron activation energy oi LCMO 
film on STO to the localization of the Cg electrons. The polaron activation energy 
for the films on LAO and STO decreased linearly with external magnetic field. The 
variation of polaron activation energy with film thickness is shown in Fig. 3.13(b). 
It first decreases with film thickness and then attains saturation for thicker films. 



Figure 3.13: (a) Polaron activation energy in paramagnetic insulating state of 

^ 100 u.c thick LCMO film grown on (001) oriented LAO and STO at different 
magnetic fields, (b) Polaron activation energy in paramagnetic insulating state of 
LCMO films grown on (001) oriented LAO and STO with different thicknesses at 
zero-field. 
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We now pay a special attention to the electrical transport in ultra thin films of 
LCMO. The resistivity of these films displays insulating behavior at low temperatures 
together with a negative magnetoresistance, which is much larger than the colossal 
magnetoresistance. The physical properties and microstructure of ultrathin films of 
Lao.TCao.s^'iT'O 3 on STO and LAO substrates have been examined earlier. Zandber- 
gen et al. [ii9] found that while ^ 80 A films on {001 ) STO are ferromagnetic below 
160 K, the nature of electrical conduction in these films remains strongly thermally 
activated down to helium temperatures. These authors, however, have not estab- 
lished the critical thickness above which films behave as a typical double exchange 
ferromagnet. Based on their high resolution electron microscopy studies, the authors 
attribute the insulating behavior to lattice mismatch induced in-plane distortion of 
the structure which traps mobile carriers. Ultra thin films of LCMO on LAO show 
island type growth, k 150 A film deposited using pulse laser technique by Biswas 
et al. [123] shows a behavior similar to that of the 80 A films on STO [119]. From 
the results of microscopy, transport and magnetization studies, Biswas et al. sug- 
gest a granular structure consisting of ferromagnetic and antiferromagnetic regions 
for this film. While this model for films on LAO successfully explains the observed 
low temperature ferromagnetic state of insulating character, many questions remain 
unanswered in these earlier studies. For example, {i) the critical thickness above 
which a low temperature metallic state develops is not known, {ii) ultrathin films on 
STO do not show inhomogeneities and yet they are insulating, {Hi) irrespective of the 
film microstructure, strong magnetic field induces similar metallic character in these 
films. 

Our comparative studies of electrical transport in films deposited on untreated 
and BHF treated STO and LAO substrates yield some new information about the 
growth modes and electrical transport in ultra thin films of LCMO. First of all, it is ev- 
ident that the critical thickness below which films on STO become insulating depends 
on the smoothness of the substrate. Films deposited on BHF treated STO remain 
metallic down to ~ 20 u.c. thickness. However, in spite of the smoothness of the 
substrate, the Tp of these films continues to decrease with the decreasing thickness. 
These observations suggest that the lowering of the Tp and the insulating behavior 
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are due to the biaxial strain and the inhomogeneous growth regions respectively. On 
untreated STO, the inhomogeneous regions are likely to be more abundant leading 
to the insulating behavior at a higher thickness. In the case of LAO substrates, the 
large A a leads to island type growth even on atomically smooth surfaces and this is 
why the BHF treatment does not improve the film quality. 

The above picture suggests that ultra thin films of LCMO on LAO and un- 
treated STO can be visualized as consisting of a granular structure where metallic 
and ferromagnetic domains are separated by nonmagnetic insulating regions. In the 
case of STO substrates, such regions perhaps nucleate at the polishing related defects, 
whereas, on LAO the defects as well as island growth are responsible for such regions. 
While the atomic force microscopy images of the films on LA 0 clearly indicate the 
presence of such regions [123], the scanning tunneling microscopy work on STO [ISO] 
also suggests the presence of an inhomogeneous distribution of conducting and non 
conducting regions. Electron transport in such a medium will be dominated by tun- 
neling if the fraction of metallic grains is below the percolation threshold. At the 
higher concentration of these grains, the conductivity of the sample will be metallic. 
The tunneling conductance between ferromagnetic grains is dependent on the relative 
orientation of the magnetization vectors in the grains. As argued by Gittleman et al. 
[131] in the case of Ni - Si02 cermet films, the tunneling conductance between two 
ferromagnetic grains is proportional to the degree of correlation 

ments of the neighboring grains averaged over all configurations, 
where is the magnetic moment of the ith grain and = /x. The role of applied 
magnetic field is to orient the moments and thus increase the average (/Zt • ^). This 
simple argument shows that a drop in tunneling resistance will occur, as the magne- 
tization vectors of the neighboring grains tend to become parallel under the applied 
field. 

The tunneling resistance between two metallic particles also depends on the 
strength of the electric field (E) [5i]. For a random network of metallic grains it is 
expected to vary with the electric field as i? ~ R 0 exp where the coefficients Ro 
and Eg are related to the electrostatic charging energy and geometry of the grains. 
The data shown in Fig. 3.7 {a) and the behavior of I - V curves in Fig. 3.8 are con- 


of the magnetic mo- 
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sistent with this picture. This granular picture is also consistent with the behavior of 
ZFC and FC magnetization shown in Fig. 3.10. The ZFC - FC magnetization sep- 
arates as temperature decreases below the paramagnetic - ferromagnetic transition 
temperature (Tc). The presence of irreversibility in the ZFC - FC magnetization 
indicates the presence of short - range spin order. The magnetic behavior differs de- 
pending on whether the sample is cooled down with or without a field, which is a 
characteristic of a spin glass. As is well known, the randomness of the signs of the 
nearest neighbor coupling (ferromagnetic or antiferromagnetic) is a important prereq- 
uisite for a spin glass. At ~ 10 K as the magnetic field increases, the magnetic ions 
(Mn^+ and Mn^^) align with the field giving rise to a saturation magnetization at 
^0.9 tesla field. While this spin and electric field dependent tunneling explains the 
broad features of our data, the observed hysteretic and history effects in the {I - V) 
curves still need to be understood. Here we hypothesize that the nonconducting inter- 
granular material possesses some elements of charge ordering. Such effects are likely 
to be introduced by the lattice strain. The strong electric field, in addition to pro- 
moting tunneling, also seems to melt these CO regions separating the ferromagnetic 
clusters. The conducting channels created by the melting remain open even after the 
electric field is removed. This is why the reverse branch of the I - V curves is Ohmic. 
Evidence for such permanent changes when the electric field is removed is seen in 
a large number of CO systems [122, 132]. Experiments on CO systems also show 
increase in magnetization on application of strong electric field [133]. It is likely that 
the insulating regions, which constitute the conducting channels under the electric 
field, also become ferromagnetic. The fact that the virgin state of the samples is re- 
covered only after heating the samples above the FM ordering temperature strongly 
supports this argument. 

3.4 Conclusions 

We have studied the structure, surface morphology and stoichiometry of thin 
films of Lao.7Cao.3MnO 3 deposited on [001) LAO and STO by A - ray diffraction, 
atomic force microscopy and Rutherford back scattering respectively. The critical 



76 


Chapter 3. Physical properties of thin films of magnetic character 


thickness required to achieve the bulk lattice parameter of LCMO is smaller on STO 

than on LAO. We have measured the electric and magnetic - field - dependent charge 

transport in thin epitaxial films of various thicknesses. At very small thicknesses 

(< 80 U.C.), the electrical behavior of these films on LAO is significantly affected by 

the lattice mismatch induced strain and inhomogeneous growth morphologies related 

to the atomic scale roughness o^ the substrate. The hysteretic and history dependent 

insulating behavior seen in the ferromagnetic state of these films suggests coexistence 

of charge ordered and ferromagnetically ordered regions. We have shown that a special 

etching procedure, which is known to remove the atomic scale roughness and lead to 

TiO, terminated terraces on STO, results in metallic films even at thickness as low 
as ^ 15 U.C., 
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Physical properties of metallic and 
insulating spacer films of 
non-magnetic character 


4.1 Paramagnetic metal spacer 

4.1.1 Introduction 

The nickelates of formula ANiOg with rare earth element at the A - site, show 
very interesting changes in their physical properties as the size of the rare - earth 
element is varied. When A - site is a small cation, they are charge - transfer insu- 
lators with a small gap, but when A - site is a large cation these compounds are 
metals and for intermediate values of (r^), they exhibit insulator-to-metal transition 
as a function of temperature. The M - I transition is accompanied by electronically 
induced structural changes involving the Ni - 0 - Ni angles and Ni - 0 bond dis- 
tances. Medarde et al. [134] have proposed a highly covalent 3(f ground state for 
some of these systems. The M - I transition is caused by opening of a charge - trans- 
fer gap. Barman et al. [135] have attributed the M - / transition to a change in the 
Ni : 3d - 0 : 2p covalency. The Ni^'^ in ANiOg are in the low spin state : anrl 




YS Chapter 4. P hysical properties of metallic and insulating spacer films . . , , 

order antiferromagnetically, except in LaNiOs, which is a Pauli paramagnet. LNO 
has a pseudo-cubic structure with a small rhombohedral distortion. Its unit cell (con- 
taining two formula units) can be mapped onto a primitive rhombohedral cell with 
the pseudo-cubic lattice constants a = 3.83 A. Its physical properties are strongly 
sensitive to oxygen stoichiometry and doping. While LaNiOg is metallic, LaNiOg^s 
has and is insulating and antiferromagnetic with = 320 K. LaNiOs.75 is a 
mixed - valence system and shows an insulator - metal transition at 

~ 75 K, as well as spin localization and magnetic frustration [136]. Gonzalez and 
coworkers [137] have expressed LaNi02.5 and LaNi02.75 in terms of a homologous 
series of general formula LanNinOsn-i with n = 2 and 4 respectively. These mem- 
bers consist of n — i octahedral layers alternating in an ordered way, with one layer 
Ni04 square planes along the 2 - direction of the perovskite structure. LaNiOs has 
a tendency to loose oxygen. The reduction in LaNiOs changes the valence state and 
0 coordination of Ni ions where Ni^'^ changes to Ni^'^. On going from LaNiOs to 
LaNiOs.s, an enlargement of the cell volume is observed due to the increase in average 
ionic radius of Ni{Ni^'^ and Ni^'^). As the Ni - 0 distance increases, the electronic 
transfer integral and bandwidth reduce leading to electronic localization. Gayathri 
et al. [138] have measured the electronic transport, susceptibility and Hall effect of 
~ 2000 A thick LaNiOs-s films deposited on LAO substrate with 5 = 0, 0.02, 0.08 
and 0.14. They have pointed out that the inconsistency in the value of residual re- 
sistivity and resistivity difference {p{300 K) - p{4.2 K)) in different reports could be 
due to oxygen non-stoichiometry. These samples show metallic - like thermopower 
with negative sign and the Hall coefficient has a positive sign. Sagoi et al. [139] 
have measured the resistivity of LNO films deposited on STO at different substrate 
temperatures. They observe an increase in the resistivity of the sample as the sub- 
strate temperature increases. The lowest resistivity {1.5 x 10~‘^ Q cm) is observed 
at different substrate temperatures of 500 °C and 120 mTorr oxygen pressure. Guo 
et al. [140] have analyzed the structure and electrical properties of LNO deposited 
on STO using P LD as a function of substrate temperature and oxygen pressure. The 
room temperature resistivity of these samples decreases and saturates as the substrate 
temperature and oxygen pressure increases. The lowest room temperature resistivity 
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{5x10^0, cm) is observed at different substrate temperatures of 700 °C and 35 Pa 
oxygen pressure. The sensitivity of LNO to oxygen stoichiometry demands special 
care during film deposition. 

In this section we present preparation, X - ray based characterization and 
transport measurements on LNO deposited on STO and LAO. The residual resistivity 
and resistivity difference {p{300 K) - p{4.2 K)) of our ~ 72 u.c. thick LNO films 
on LAO are 98 pQ cm and 260 pQ cm respectively. These parameters for the films 
on STO are 143 pVL cm and 248 pTl cm respectively. A marginally higher value 
of p{300 K) and pg in films deposited on STO. is perhaps due to the larger lattice 
mismatch with STO. A study of ultra thin films of LNO deposited on LAO with 
different thicknesses of STO buffer layer supports this viewpoint. The good quality 
films of LNO show a negligibly small magnetoresistance. Further, the field-cooled and 
zero-field-cooled measurements of magnetization on these films do not show magnetic 
ordering down to 4-2 K. 


4.1.2 Results 

4. 1.2.1 Rutherford Backscattering and X — ray diflfraction 

Rutherford backscattering experiments with l.dPjcV ion were performed 
to compare the stoichiometry and thickness of LNO film deposited on {001) STO. 
Fig. 4-1 shows the scattered particle spectrum and the RUMP simulation curve (solid 
line). The elemental ratio and thickness of the film were calculated from the simu- 
lation. Fig. 4.2 shows X - ray diffraction pattern of a bulk powder sample of LNO 
(curve a), and of a LNO film grown on (001) oriented STO (curve b). While the 
diffraction pattern of the powder shows all major reflections of the pseudocubic phase, 
the X - ray profile of the film shows only (001) Bragg peaks due to Cu - Ka and K'^ 
along with the {001) reflections of the substrate. Inset of Fig. 4.2 shows the funda- 
mental {001) peak of the LNO film deposited on LAO (curve 1) and STO (curve 2) 


substrates. 
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Figure 4.1: Rutherford backscattering spectrum of He^ ions from thin film and 
substrate. The sample is 1000 A thick LaNiO$ film deposited on {001) oriented 
SrTiOs. Solid line is the RUMP simulation data. 
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Figure 4.2: X - ray 9-26 scans for powder sample of bulk of LNO (curve a) and films 
of ~ 100 u.c. thick LNO deposited on {001) oriented STO (curve h). In curve (a) 
the diffraction lines are indicated by their corresponding pseudo-cubic {hkl) values. 
Curve (6) shows {001) and {002) reflection of the film and substrate due to Ka and 
excitation. Inset {!) and {2) show the reflected X - ray intensity around the 
{001 ) peak. 
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4. 1.2. 2 Electronic transport 

The value of room temperature resistivity and resistivity difference 
{p{300 K) - p{4.2 K)) of bulk LNO samples is different in different reports. Gayathri 
et al. [138] have suggested that this variation is due to the non-stoichiometry in oxy- 
gen concentration. In the case of thin films, lattice mismatch can lead to large changes 
in the resistivity of LNO. Since the lattice mismatch related strain relaxes as the thin 
film thickness grows, one expects a change in resistivity with the film thickness. In 
order to study the effects of film thickness and strain on resistivity, we have deposited 
several samples on {001) oriented LAO and STO substrates. Fig. 4-S{a) shows the 
zero-field temperature dependent resistivity of 72 u.c. thick LNO film grown on 
LAO and ^100 u.c. thick LNO grown on STO. The resistivity of both the films on 
cooling below room temperature shows metallic behavior down to 4-2 K. The film on 
STO, however, shows a marginally higher resistivity in the entire temperature range. 
The solid lines are the fit to the data for the relation p = pQ +aT + bT^ . Table ~ 4-1 
shows the residual resistivity (p^), resistivity at 4-2 K and 300 K and their difference 
for different samples. A comparison of these data with the values given in the litera- 
ture indicates that our films are stoichiometric. We note an increase in p{300 K) and 
the appearance of a thermally activated behavior at lower temperatures as the film 
thickness is reduced. Thin film size effects and lattice mismatch contribute to this 
effect. The difference in the lattice parameter between STO and LNO is larger as 
compared to that of LAO and LNO. This clearly increases the resistivity of the films 
as seen in Fig. 4-3{a). In order to address this point further, we have deposited LNO 
on thin buffer layers of STO. The surface morphology of buffer STO layer on {001) 
oriented LAO as seen with atomic force microscopy shows smaller surface roughness 
compare to that of the STO substrate. In Fig. 4-3{b) we have shown the zero-field 
p{T) of three ^ 5 u.c. thick films of LNO deposited on {001) oriented LAO with 0, 
^ 6 anA ^ 10 u.c. (curve 3, 2 and 1 respectively) buffer layer of STO. The p(T) 
of these films below room temperature is metallic followed by a thermally activated 
behavior. 




Figure 4.3: Panel (a) shows zero-field resistivity of ~ u.c. thick LNO film deposited 

on {001) oriented LAO and ^100 u.c. thick film deposited on STO. Solid lines are 
fit to the data ior p = p + aT + bJ^ . Panel (b) shows the zero-field resistivity of 
5 u.c. ultra thin films of LNO deposited on ( 001 ) oriented LA 0 with 0, 6 and 
10 u.c. (curve 3, 2 and 1 respectively) buffer layer of 
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Table 4.1: Electronic transport parameters of various thin films of LNO 


Samples 

p{300K) 
{pQ cm) 

p{4.2K) 
{pQ, cm) 

Ap 

{pQ, cm) 

Po 

{pQ. cm) 

{100u.c.)LNO/STO 

398 

150 

248 

143 

{72u.c.)LNd/{20u.c.)LCMO/LAO 

364 

104 

260 

98 

{36u.c.)LNO/{20u.c.)LCMO/LAO 

390 

107 

283 

100 

{24u.c.)LNO/{20u.c.)LCWO/LAO 

445 

128 

317 

120 

{l2u.c.)LNO/{20u.c.)LCMO/LAO 

1193 

564 

629 

540 

{5u.c.)LNO/LAO 

434 

280 

154 



Since our objectives are to understand transport in LCMO/LNO superlattices, 
it is important to understand the behavior of LNO films on LCMO buffer layer. The 
difference in the lattice parameter of LCMO and LNO is only ~ 0.03 A. In Fig. 4-4{o) 
we show the p(T) of four LNO films of various thicknesses grown on {001) oriented 
LAO with ~ 20 u.c. thick LCMO buffer layer. The p(T) of the ~ 20 v.c. thick 
film of LNO is metallic below room temperature down to ~ 7 iff and then thermally 
activated. While the p{T) of the ~ 24, 36, and 72 u.c. LNO films remains metallic 
below room temperature down to 4-^ Resistivity of these samples shows linear 
temperature dependence in the temperature range 50 K to 300 K. The change in the 
absolute value of resistivity at two different temperatures, 50 K and 300 K, with the 
LNO film thickness is shown in the inset of Fig. 4-4 {(^)- We have also measured the 
resistivity of these samples in 4 tesla field aligned parallel to the plane of the film. 
The p(T) in the presence of magnetic field is shown in Fig. 4-4{l^)- The in-field 
p( T) shows a negligible change from its zero-field value. The magnetoresistance of 
~ 72 u.c. LNO film grown on {001) LAO with ~ 20 u.c. of LCMO buffer is shown 
in the inset of Fig. 4-4{t^)- 

4.1. 2. 3 Magnetic susceptibility 

Fig. 4.5 shows zero-field-cooled and field-cooled magnetic susceptibility of 
~ 500 u.c. thick LNO film deposited on {001) oriented LAO. The field-cooled mag- 
netic susceptibility data can be fitted to the formula x{T) — x{0) + o,T^ 4- CT~^ where 
x{0) is the temperature independent susceptibility, second term provides the temper- 
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ature dependent Pauli susceptibility and last term represents the Curie susceptibility. 
The fitting yields values of ^ ^ ^ 5.56 x 10 ^ emu Gauss \ 

- 2.216 X l(r^^ emu K~^ Gauss'^ and 2.579 x KT'^ emu K Gauss~‘ respectively. 



Figure 4.5: Temperature dependent zero-field-cooled, field-cooled susceptibility of 
~ 500 u.c. thick LNO film deposited on {001) oriented LAO. The solid line is a fit 
to the data using relation x = x{0) + AI^ + GT~^ . 


4.1.3 Discussion 

The pseudo-cubic lattice parameter of LNO, is ~ 3. 88 A. It is smaller by 
~ 0.075 A compared to the lattice parameter of STO and larger by ~ 0.038 A com- 
pared to that of LAO. Clearly, the substrate induced stress is expected to be higher 
in films deposited on STO. Moreover, on STO the stress is tensile and on LAO it is 
compressive. This in-plane compression leads to an expansion of the lattice along the 
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c - axis. In the case of tensile stress the situation is opposite. 

The resistivity of the thick LNO films grown on LAO and STO substrates show 
similar temperature dependence as that of bulk LNO. The observed higher resistivity 
of LNO films deposited on STO is expected as the LNO films on STO are more 
distorted than the films on LAO. In general, the physical properties of the ANiOs 
perovskites change with the size of the rare-earth, oxygen deficiency, pressure and 
strain which all contribute to the lattice dis^^^ortion. Since we cooled our samples from 
the deposition temperature of 750 °C in 760 Torn of oxygen, these films have 
correct stoichiometry. 

The resistivity of LNO with both T^-^ and T^ temperature dependence has 
been reported. Our data in the temperature range 5 K to SOO K fit quite well to 
the relation p = pg -I- aT + bT^. The large value of residual resistivity shown in the 
table — 40 as compared to that of metals may be due to the presence of magnetic 
ions. The resistivity of LNO derives contributions from electron - phonon and electron 
- electron scattering effects. Since resistivity above 100 K shows linear dependence 
we fit the data in the following form; 

P — Po if ^ 

— Po 5- b j T ifT> Op 

Where 60 is the Debye temperature. Using the relation w the estimated 
values of 9 D for the ~ 72 u.c. thick film deposited on LAO and >^100 u.c. thick 
LNO deposited on STO are 293 K and 283 K respectively. 

The resistivity of the ultra thin films of LNO deposited on LAO with STO 
buffer layer clearly show the effects of substrate induced stress. The resistivity on 
LAO is small due to the lower value of Ao. When STO buffer layer is deposited, Aa 
goes from a negative to a large positive value. This seems to increase the resistivity 
of the films. The thermally activated behavior observed at low temperature in ultra 
thin film is pronounced when STO buffer is used. Stoichiometric LNO is a charge - 
transfer metal. Its transport properties are determined by the interplay between the 
bandwidth and the energy gap of Ni and 0 bands. This depends on the Ni - 0 bond 
distance and the Ni - 0 - Ni bond angle. The structure of LNO can be envisaged 
as consisting of alternate planes of LaO and NiOz- The lattice mismatch of LNO 
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with {001) oriented LAO may compress the planer Ni - 0 bonds and expand the 
out-of-plane Ni - 0 bonds of the NiOe octahedra. The situation will be opposite in 
the case of LNO films deposited on {001 ) STO. Huang et al. \14i\ Garcia-Munoz 
et al. [142] have measured the temperature dependent of ^ - 0 and Ni - 0 bond 
distances in ANiOs- They observe expansion of Ni - 0 bond on cooling below room 
temperature. The expansion of Ni - 0 bond is likely to cause a decrease in electronic 
transfer parameter ‘t’ and the bandwidth. The decrease in bandwidth will, in turn, 
promote disorder induced electron localization at low temperatures. This effect of 
temperature on Ni - 0 bond length and the large Ni - 0 in-plane bond length con- 
spire to make the films on STO more insulating at low temperatures. Thin films of 
LNO deposited on LCMO buffer layers remain metallic down to the lowest tempera- 
ture. This improved behavior of the films appears to be a result of better lattice match 
between LCMO and LNO. The resistivity of the LNO films shows negligible variation 
in the presence of a magnetic field. In Fig. 4-4 (b) we show the magnetoresistance 
of a ~ 72 u.c. thick LNO film. Gayathri et al. [138] have observed positive mag- 
netoresistance {0.9 %) for LaNiOs^o.ot film while the magnetoresistance is negative 
for samples with more oxygen deficiency. These results show that the LNO films in 
the LCMO/LNO superlattices will not contribute directly to any magnetoresistance. 
Enhanced low temperature susceptibility has been observed in single crystals of LNO 
[139, 143]. In our sample field-cooled temperature dependence of susceptibility shows 
weak temperature dependence in the entire temperature range. The large difference 
in FC and ZFC susceptibility at low temperature indicates presence of localized spin 
and spin disorder. To interpret the data we have assumed the susceptibility as the 
combination of pauli susceptibility and Curie susceptibility. The possible contribu- 
tions to temperature independent susceptibility x{0) are core diamagnetism, Pauli 
temperature independent susceptibility due to conduction electron, diamagnetic or- 
bital contribution due to conduction electron and Van Vleck susceptibility. 

4.1.4 Conclusions 

We have studied the growth of LNO thin film on {001) LAO and STO sub- 
strates using X - ray diffraction and RBS techniques. The resistivity and magnetic 
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In this section we presents Rutherford backscattering, X - ray based charac- 
terization and transport measurements on Er 0 .TSr 0 . 3 MnO 3 deposited on STO and 
LAO. The resistance of our ~ 500 u.c. thick ESMO films deposited on LAO is very 
high {> 10 ^ 0) zX the low temperature. Further, the field-cooled and zero-field-cooled 
measurements of magnetization on the ESMO film trace the same path. The film 
shows paramagnetic and insulating behavior. 

4.2.2 Results 

4. 2. 2.1 Rutherford backscattering and X — ray diffraction 


Energy (MeV) 

0.6 0.8 1.0 1.2 1.4 



Figure 4.6: Rutherford backscattering spectrum of He'^ ions from thin film and 
substrate. The sample is 4 OO A thick Ero.TSro.sMnOs film deposited on {001) 
oriented SrTiOs- Solid line is the RUMP simulation data. 
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susceptibility of these films have been measured as a function of their thickness. The 
resistivity of LNO film deposited on STO is higher than of those deposited on LAO 
in the entire temperature range oi 4.2 K to 300 K. Ultrathin films of LNO show a 
thermally activated behavior at temperatures < 30 K. This behavior is prominent in 
the films of LNO deposited on a buffer layer of STO. Our results suggest that lat- 
tice mismatch plays a significant role in controlling electron transport in these films. 
The lattice mismatch effects are, however, suppressed when these film are grown on 
20 u.c. thick LCMO buffer. This feature is critical for synthesis of LCMO/LNO 
superlattices. We further note that LNO films have a negligible magnetoresistance. 
Therefore, the LNO layers in LCMO/LNO superlattices will not contribute directly 
to the magnetoresistance. 

4,2 Paramagnetic insulator spacer 

4.2.1 Introduction 

The physical properties of the ABO 3 type mixed valence manganites are reg- 
ulated by the dopant concentration and the average A - site ionic radius. For a 
fixed dopant concentration the ground state of the compound depends on the aver- 
age A - site ionic radius. For example, Lao.7Cao.3MnO 3 [49] exhibits a transition 
from paramagnetic insulating state to ferromagnetic metallic state on cooling, while 
Pro.7Cao.3MnO 3 [58, 144 ] has a charge ordered insulating ground state. The av- 
erage A - site ionic radii of LCMO and PCMO are ~ 1.162 A and ~ 1.133 A 
respectively. A smaller average A - site ionic radius (~ 1.117 A) is for the com- 
pound Ero. 7 Sr o. 3 Mn 03 . Terai et al. [145] have reported measurements of electronic 
and magnetic properties of the Ero.5Sro.5MnO 3 (ErSMO). The resistivity of ErSMC 
shows a thermally activated behavior on cooling below room temperature. The re- 
sistivity reaches a value of ~ 10'^ 0, cm at ~ 80 K. There has been no indication 
of a magnetic ordering (ferromagnetic or antiferromagnetic) in this material over the 
temperature range of 4-^ K to 300 K. Taking note of the insulating behavior and 
the absence of magnetic ordering, we have chosen ErSMO as the insulating spacei 
material for our LCMO based magnetic superlattices. 
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Figure 4.7: X - ray 9-20 scans for powder sample of bulk of ESMO (curve a) 
and films of ~ 500 u.c. thick ESMO deposited on {001) oriented LAO and STO 
(curve h and c respectively). In curve (o) the diffraction lines are indicated by their 
corresponding pseudo-cubic {hkl) values and the {hkl) value due to the hexagonal 
phase of ErMnOs are marked by the symbol (*). Curve (6) jind (c) show {001 ) and 
{002) reflection of the film and substrate due to KS and excitation. 

Rutherford backscattering experiments with 1.6^V He+ ion were performed 
to comp.are the stoichiometry and thickness of ESMO film deposited on {001) STO. 
Fig. shows the scattered particle spectrum and the RUMP simulation curve (solid 
line). The elemental ratio and thickness of the film were calculated from the simula- 
tion. The bulk ErSMO shows a mixture of orthorhombic and hexagonal phases [145\. 
In our sample the dopant concentration is 0.3 and the X - ray diffraction intensitv 
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from the powder sample shows the pseudocubic phase as majority and the hexagonal 
phase of ErMnOs as an impurity. However, we have not seen any traces of the hexag- 
onal phase in the thin films of ESMO grown on [001) oriented LAO and STO. The 
scan of powder sample (curve a) and 500 u.c. thin films of ESMO deposited on 
(001) oriented LAO and STO (curve b and c) respectively are shown in the Fig. 4.7. 
The diffraction lines of the powder sample are indicated by the corresponding {hkl) 
values of pseudocubic phase of ESMO and the hexagonal phase of ErMnOs. The X 
- ray profile of the thin films of ESMO deposited on [001) oriented LAO and STO 
show only the [001) fundamental peaks of the pseudocubic structure. 

4. 2. 2. 2 Electrical resistivity and magnetoresistance 



Figure 4.8: Measured and calculated temperature dependent resistivity of ~ 500 u. c. 
thick ESMO film deposited on {001) oriented LAO at different temperatures. Solid 
line represents the calculated resistivity using small polaron model. The solid line in 
the inset is the calculated resistivity using variable range hopping model. 
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The temperature dependent resistivity of the ~ 500 u.c. thick film of ESMO 
is shown in the Fig. 4-8- This sample shows thermally activated behavior on cooling 
below room temperature down to ~ 120 K. Below 120 K, the resistivity becomes 
so large that a constant current technique of measurement does not work due to 
the impedance limitations of our voltmeter. The solid line in Fig 4.8 represents the 
Arrhenius type fit to the data. The ESMO film shows a negligibly small change in 
the p{T) in a 4 tesla field. 

4. 2. 2. 3 Magnetic susceptibility 
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Figure 4.9: Panel (a) field-cooled magnetic susceptibility of ~ 500 u.c. thick ESMO 
film deposited on (001) oriented LAO at different temperatures. The solid line is 
the fit to the data using the relation x — x{0) + 4- Magnetic field 

dependent zero-field-cooled magnetization of this sample is shown in panel (b). 
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Fig ^.9 (^ol) shows the field-cooled magnetic susceptibility of the 500 u.c. 
thick film of ESMO deposited on {001 ) oriented LAO. The data were taken at 0. 7 tesla 
in-plane magnetic field. The susceptibility is very small at room temperature and 
shows weak temperature dependent down to ^ 150 K. As the temperature is reduced 
below 150 K, the susceptibility increases rapidly down to the lowest temperature. 
The temperature dependence of the zero-field-cooled magnetic susceptibility is quite 
similar to that of the field-cooled susceptibility. The solid line in the figure is a fit to 
the data using the relation = xiO) + oT® + CT~‘ . The fitting yields the value of 
X{0), a and C as 1.2867 x l(r^° emu Gauss'’, - 3.742 x KT’^ emu Gauss'’ K'^ 
and 3.887 x 10'’’ emu K Gauss'’ respectively. Magnetic field dependence of the 
zero-field-cooled magnetization measured at 10 K is shown in Fig. 4-0 {b). The 
magnetization is linear and reversible with magnetic field in both the direction. 

4.2.3 Discussion 

The pseudo-cubic lattice parameter of ESMO, is ~ 3.812 A. It is smaller by 
~ 0.093 A compared to the lattice parameter oi S TO and larger by 0.02 A com- 
pared to LAO. The substrate induced stress on the film deposited on STO is tensile 
and on LA 0 it is compressive. This in-plane compression leads to an expansion of the 
lattice along the c - axis. In the case of tensile stress the situation is opposite. Clearly 
the substrate induced stress is expected to be higher in the case of the film deposited 
on STO. The average A site ionic radius and dopant concentration has a close bearing 
on the Mn - 0 - Mn bond angle and Mn - 0 bond distance and hence the one electron 
Cg bandwidth. These two factors control the physical properties of the manganites. 
The transport properties vary drastically with a small change in the average A - site 
ionic radius. The compound Ero.7Sro.3MnO 3 has the average A — site ionic radius 
~ 1.117 A which is smaller than that of the Prj^xCaxMnOs system. The PCMO 
system shows prominent charge ordering effects, and antiferromagnetic ground state. 
Even thought the temperature dependent resistivity of ESMO is thermally activated 
down to lowest temperature just as in the case of PCMO system, its magnetic state 
is paramagnetic. To understand the transport mechanism in this ESMO compound, 
we have fitted the measured resistivity using Arrhenius law, small polaron hopping 
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law and Mott’s variable range hopping model. As seen in Fig. 8.^ it is difficult to 
identify the best fit among them. The energy gap determined from the Arrhenius fit 
is ~ 0.8 tV which is closer to the value observed in the spectroscopic measurement 
of charge ordered compounds [146, 14 '^]- 

4.2.4 Conclusions 

We have studied the growth of ESMO thin film on {001) LAO and 
STO substrates using X - ray diffraction. We have also measured the resistivity 
and magnetic properties cf these films. The resistivity of ~ 500 u.c. thick ESMO 
films shows thermally activated behavior and is very high at temperatures < 115 K. 
Magnetic susceptibility measurement indicates the presence of paramagnetic nature 
of Mn spin arrangement. The ESMO layers in LCMO/ESMO superlattices will not 
contribute directly to the magnetoresistance in superlattices. 





Chapter 5 


Electron transport in LCMO/LNO 
superlattices with a fixed LCMO 
layer thickness of 10 unit cells 


5.1 Introduction 

The observations of oscillatory magnetic coupling, GMR and oscillations in 
MR in 3d - transition metal based superlattices are now well established [4, 30, 4d]- 
It is also established that electrical transport properties of magnetic superlattices 
depend on the roughness of the interfaces between the layers [25]. The interfacial 
roughness leads to attenuation of oscillations in the exchange coupling [d, 14]- An en- 
hanced MR at low field and low temperature and oscillations in the magnetic coupling 
have also been observed in some manganites based superlattices [36-44]- However, 
unlike the case of elemental superlattices, no oscillations in the magnetoresistance of 
manganites superlattices are seen. The enhanced magnetoresistance observed at low 
temperatures in Lao.rCao.ssMnOs and SrRuOs superlattices by Gong et al [36], has 
been attributed to magnetic non-uniformity near the interfaces. An enhanced magne- 
toresistance in the superlattices consisting of Lao.eSrg^^MnOs and Lag.eSr o.4Fe03 
at low temperatures observed by Izumi et al. [42] also suggest spin frustration at 
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the interfaces. Jo et al. [41] have suggested the presence of vertically inhomogeneous 
magnetic structure at the interfaces which may be responsible for enhanced low tem- 
perature MR. The structural and magnetic disorder at the interfaces also contribute 
to the resistivity of the multilayers. Venimadhav et al. [47] have observed an insulator 
- like behavior in multilayers of Lao.6Pbo.4MnO 3 and La^BaCusO 

In this chapter we examine how the temperature dependence of electrical 
resistivity and magnetoresistance of the ferromagnetic manganite Lao.rCao.sMnOs 
based superlattices change as the thickness of the LaNiOs spacer layer is varied. In 
[{10 u.c.) LCMO/{n u.c.) LNO] x i 5 superlattices with n taking integral values from 
2 to 10., where the cumulative thickness of LCMO and LNO is large enough to see a 
bulk - like transport, a semiconductor - like resistivity is seen for n < The superlat- 
tices with n < 4 a^lso show a large negative magnetoresistance at low temperatures. 
Sample with n > 5 are metallic over the entire range of temperatures. A discussion of 
these features is presented in the light of structural data and the effects of interfacial 
strain. Our analysis strongly suggests that the magnetic and structural disorders at 
the interfaces of LCMO and LNO lead to a transition from insulator to metal - like 
behavior with increasing n, and the large low temperature magnetoresistance seen in 
sample with n < 5. A simple parallel resistor model, where we explicitly incorporate 
the resistivity of the disordered regions, reproduces the broad features of the p{T) 
curves. 


5.2 Results 

5.2.1 X - ray diffraction 

The epitaxial growth of successive layers of the superlattices depends on de- 
position parameters, lattice mismatch between the successive layers and the lattice 
mismatch between the substrate and the bottom layer. X — ray diffraction techniques 
give reliable information about the growth morphology of the single layer films and 
superlattices. As described in chapter S, we have fabricated a series of LCMO/LNO 
superlattices on LAO and STO substrates. After fabrication of the superlattices, they 
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Figure 5.1: X - ray diffraction profiles of superlattices with ~ 10 u.c. of LCMO and 
2, 4., 6, 8 and 10 u.c. of spacer layer [LNO) deposited on [001) oriented LAO, curve 
a, b, c, d and e respectively. The fundamental [001 ) reflection of the film is marked 
as The first order satellites on either side of this reflection are marked as + i 
and — 1. The figure also shows [001 ) reflection of the substrate due to K a and KP 
excitation. 


were characterized extensively using X - ray diffraction. Only the [001) funda- 
mental Bragg diffraction peaks of the substrate and the constituents of the super- 
lattice due to Cu - K a and KP excitation are observed. This indicates epitax- 
ial growth along [001) direction of the cubic substrate. The diffracted X — ray 

intensity around the [001) reflection of the [[10 u.c.) LCMO/[n u.c.) LNO] x 15 

LAO JT6 

deposited on [001 ) oriented and [001) oriented irAX) with n = 2, 4. 6. 8 and 10 
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Figure 5.2: X - ray diffraction profiles of superlattices with ~ 10 u.c. of LCMO and 
2 , 4, 6, 8 and 10 u.c. of spacer layer {LNO) deposited on {001 ) oriented STO, curve 
a, b, c, d and e respectively. The fundamental {001) reflection of the film is marked 
as ‘0\ The first order satellites on either side of this reflection are marked as + Jf 
and — 1. The figure also shows {001) reflection of the substrate due to Koc and 
excitation. 


is shown in the Fig. 5.1 and Fig. 5.2 respectively. The presence of two satellite peaks 
on either side of the fundamental {001 ) diffraction clearly shows a modulated structure 
[148, 149]. The intensity of the satellite peaks is stronger in the case of superlattices 
deposited on STO substrate. The intensity of higher order satellite peaks are not 
significant, presumably due to a small electron density difference between LCMO and 
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LNO. In all superlattices a 10 u.c. thick LCMO is the bottom layer. The lattice 
parameters ‘a’ of LCMO and LNO in the bulk are 3.86 A and 3.83 A respectively, 
where as for the substrate we have aiAo = 3.792 A and asro = 3.905 A. Clearly, 

2 TO 

the in-plane lattice parameter of the superlattice is under expansion on LAO' and 

LUO 

is in compression on S-390. The variation of the c - axis lattice parameter of the 
superlattices with the spacer layer thickness is shown in Fig. 5.3. The c - axis lattice 
parameter of the superlattice on LAO with {1 u.c.) spacer layer is ~ 3.93 A and 
approaches the bulk value as the thickness increases with n. While the c - axis lattice 
parameter of the superlattice on STO remains constant. We also notice a distinct 
broadening of the [001) peak as the relative fraction of the LCMO and LNO unit 
cells becomes unity. 



Figure 5.3: c - axis lattice parameters of the superlattices grown on (001) oriented 
LAO and STO. 
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5.2.2 Electronic transport 

The electronic conduction of individual thin films of magnetic layers and the 
spacer layer of the superlattices are discussed in chapter 3 and 4 respectively. Here, 
we present results of our measurements on the superlattices. The zero-field p{T) of 
the [{10 u.c.) LCMO/{n u.c.) LNO] x i5 superlattices deposited on LAO substrate 
is shown in Fig. 5.4- For the samples with n = 2 and 3, the resistivity is thermally 
activated down to 100 K. Below this temperature, the resistivity of the superlattices 
becomes so large that a constant current technique of measurement does not work 
due to the impedance limitations of our voltmeter. While a similar behavior has been 
observed in metallic manganites based superlattices, the spacer material in these cases 



Figure 5.4. Zero-field in-plane electrical resistivity of superlattices grown on {001) 
oriented LAO with different spacer layer thicknesses. Inset shows resistivities of 
samples with n = 6 and 8 at lower temperature in log scale. 
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Figure 5.5: Zero-field in-plane electrical resistivity of superlattices grown on [001) 
oriented STO with different spacer layer thicknesses. Inset shows the room 
temperature resistivities of samples deposited on LA 0 and STO with different spacer 
layer thicknesses. 


was an insulator [ 40 - 4 ^]. On increasing the LNO layer thickness to 4 u.c., p( T) is first 
thermally activated down to ~ 100 K and then becomes metal - like [positive dp/dT) 
in the temperature window of 25 K to 100 K. At T < 25 K, p[T) is again thermally 
activated. A qualitatively similar behavior, albeit with a wider metal - like window, 
is seen for the sample with n = 5. The p[T) curves remain metallic over the entire 
temperature range for the sample with n > 6. Clearly, an insulator-to-metal transition 
is seen in these superlattices in the vicinity of n = 5. In the inset of Fig. 5.4, we show 
the low temperature part of the zero-field resistivity of the superlattices with n = 6 
and 8 deposited on LAO. We have also measured the resistivity of the superlattices 
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deposited on STO simultaneously with the samples on LAO. The qualitative features 
of the p{T) data for these samples are shown in the Fig. 5.5. In the inset of Fig. 5.5 
we show the variation of the room temperature resistivity of the superlattices with 
different spacer layer thickness. The resistivity of the films on STO is higher by a 
small fraction. In the inset Fig. 5.7 we show the low temperature part of zero-field 
resistivity of the superlattices with n = 6 and 8 deposited on STO. 

5.2.3 Magnetoresistance 

Fig. 5.6 shows the resistivity of the superlattices on LAO, measured in 4 tesla 
field. The in-field resistivity of the sample with n = 2 drops significantly from its zero- 
field value (Fig. 5.4) on application of the field. However, its temperature dependence 
remains thermally activated down to 4-2 K. The resistivity of the sample with n — 3 
undergoes a remarkable change on application of the field. In addition to a large 
negative magnetoresistance, the p{T) curve is also metal - like {positive dp/dT) over 
a narrow range of temperatures {25 K - 65 K). The drop in resistivity at ~ ^5 if 
suggests onset of magnetic ordering in the LCMO layers of the superlattice. For the 
sample with n = 4^ the window of temperature over which a metal - like resistivity is 
seen widens on application of the field. In the case of the samples with n > 5, no appre- 
ciable change in the resistivity is seen on application of the field. The resistivity of the 
superlattices on STO, measured in 4 tesla field is shown in the Fig. 5.7. The qualita- 
tive features of in-field resistivity data of the samples are similar to its zero-field p{ T). 
In the inset of Fig. 5.6 we show the magnetoresistance {MR = [(p — pj^)/ p] x 100 
where pa and p are in-field and zero-field resistivities of the sample respectively) of 
superlattices deposited on LAO and STO at 4 tesla field at 100 K with different 
spacer layer thickness. Magnetoresistance of the superlattices deposited on STO is 
smaller (the difference is higher at lower spacer layer thicknesses) than the samples 
deposited on LAO. The MR eX 100 K of superlattices on both LAO and STO has a 
peak at n = 5 followed by a rapid drop and then saturation with the increasing n. 
This clearly indicates the formation of LNO layer for n > 4 s-nd the transition from 
insulator - like to metallic - like behavior of p(T'). 
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Figure 5.6: In-plane electrical resistivity of superlattices grown on {001) oriented 
LAO at 4 tesla magnetic field with different spacer layer thicknesses. Inset shows the 
magnetoresistance at 100 K for samples deposited on LAO and STO with different 
spacer layer thicknesses. 


In Fig. 5.8 we show temperature dependent magnetoresistance of these samples 
with different spacer layer thicknesses. The magnetoresistance is measured at 4 tesla 
field, and is plotted on a semilog scale. In Fig. 5.8(a), we show the magnetoresistance 
of superlattices with n = 2, 4, 6, 8 and 10. For the superlattice with n = 2, MR 
increases on cooling below room temperature down to ~ 100 K. Below this temper- 
ature, the magnetoresistance could not be measured because of the large resistance 
of the sample. The magnetoresistance of the sample with n = 4 also increases on 
cooling below room temperature, and saturates at the lowest temperature. In the 
case of the superlattice with n = 5, we observed a small drop in magnetoresistance 
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Figure 5.7: In-plane electrical resistivity of superlattices grown on {001 ) oriented STO 
at 4 tesla in-plane magnetic field with different spacer layer thicknesses. Inset shows 
the resistivity of the samples at lower temperature in log scale. 


at the lowest temperature. Qualitatively similar behavior without any signature of 
sharp drop in magnetoresistance at low temperature is seen for the superlattice de- 
posited on STO. The temperature dependent magnetoresistance of the samples with 
n — 2, 4} 0, 8 and 10 deposited on STO is shown in Fig. 5.8{b). The saturation of 
magnetoresistance at the lowest temperature in samples with n < 5 is unlike the case 
of a typical ferromagnetic manganite where the magnetoresistance is maximum near 
Tc [150]. Also the magnetoresistance is significantly higher in the superlattices. 
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Figure 5.8: Panel (a) shows the magnetoresistance of superlattices with various spacer 
layer thicknesses grown on {001) oriented LAO at different temperatures. The 
magnetoresistance of superlattices with various spacers layer thicknesses grown on 
{001 ) STO at different temperatures is shown in panel (b). 


In Fig. 5.9 we show the behavior of zero-field-cooled MR in samples on LAO 
with n = 4 and 6 as the magnetic field is swept over a complete cycle between 
-t- 4 tesla and — 4 tesla. As seen in the insets, the magnetoresistance of both samples 
at 25 K first increases rapidly and then tends to saturate at the highest field. Ab- 
sence of hysteresis in these data suggests free rotation of magnetization vectors in each 
LCMO layers of the superlattice. However, the field dependence of magnetoresistance 
at temperatures below ^ 20 K shows strong hysteretic effects {5 K data are shown 
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Figure 5.9: (a) Magnetic field dependence of magnetoresistance in n = superlattice 
grown on LAO at 5 K. The sample was first zero-field-cooled to 5 K and then the 
magnetic field was scanned from zero to -f- tesla followed by cyclic sweeps between 
-t- 4 and — 4 tesla. Inset shows field dependence of MR at 25 K. (b) 5 K MR of 
the n = 6 superlattice grown on LAO. Field sweep directions are shown by arrows. 
Inset shows MR at 25 K. 

in panel (a) and (b) of Fig. 5.P). These low temperature hysteretic effects in ZFC 
magnetoresistance suggest pinning of LCMO magnetization by the disordered inter- 
facial phase. The magnetoresistance of the sample with n = 4 ^ the magnetic field 
is swept over five cycle between + 4 tesla and - 4 tesla is shown in the Fig. 5.10. 
In the sample with n — 4 also notice that the magnetoresistance during second 
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field sweep from + 4 tesla to zero field does not trace the path taken during the 
first sweep. This indicates a week magnetorelaxor - type of behavior seen earlier in 
Lao.sCao.sMui-xCrxOs films [151]. 

In Fig. 5.11(a), we show the ZFC - MR oia n = 4 sample deposited on STO 
as the magnetic field is swept over a complete cycle between + 4 tesla and - 4 tesla 
at 5 K. The ZFC - MR of the same sample at 25 K and 50 K is plotted in the panel 
(6) and (c) respectively. While the MR at 50 K is reversible, the field dependence 
of magnetoresistance at temperatures below 40 K shows strong hysteretic effects. 
The magnetoresistance of the superlattice deposited on STO along with those on LAO 
shows subtle differences in magnitude as well as in hysteretic effect. 



Figure 5.10: Magnetic field dependence of MR in n = 4 superlattice grown on LAO 
at 5 K. The sample was first zero-field-cobled to 5 if and then the magnetic field was 
scanned from zero to + tesla followed by five cyclic sweeps between + 4 tesla and 
— 4 tesla. 




Figure 5.11: Panel (a) shows the magnetic field dependence of magnetoresistance in 
n = 4 superlattice grown on STO at 5 K. The sample was first zero-field-cooled to 
5 K and then the magnetic field was scanned from zero to 4- ^ tesla followed by cyclic 
sweeps between + 4 tesla and - 4 tesla. The MR at 25 K and 50 K of the same 
superlattice is shown in panel (b) and (c) respectively. Field sweep directions are 
shown by arrows. 
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5.3 Discussion 


The X - ray diffraction profiles of the multilayers on LAO show a shift of 
{001 ) peak towards lower theta as the spacer layer thickness is reduced. This means an 
expanded out-of-plane lattice parameter. The out-of-plane lattice parameter decreases 
(peak moves to higher theta values) as the strain starts to relax by the increase in 
spacer layer thickness. The pseudocubic lattice parameter of LAO {3.792 A) is smaller 
than the lattice parameter of bulk LCMO {3.86 A) and LNO {3.83 A). For a ~ iO u.c. 
thick LCMO film on LAO., the in-plane lattice parameter is nearly same as the lattice 
parameter of LAO. This makes the lattice parameter of bulk LNO larger than the 
in-plane lattice parameter of ~ iO u.c. LCMO on LAO. Clearly, LNO film deposited 
on 10 u.c. LCMO will experience biaxial expansion. The growth of LCMO on LAO 
and LNO on LCMO leads to a biaxial compressive stress i.e. e^x — (.yy < 0 (cxi, Cyy 
and tzz are the components of compressive strain along the x, y and z axis of the 
sample respectively). With these strain components and the poission ratio ‘i/’, the 
out-of-plane lattice epitaxial strain can be expressed as Czz = — {2v / {1 — u))exx- 
Assuming u — 0.5, the in-plane strain on ~ 250 u.c. thick LCMO film deposited on 
LAO is 0.2 %. The in-plane strain on multilayers with 2 u.c. and 10 u.c. thick 
spacer layer is ~ 1.2 % and ^ 0.2 % respectively. This shows that the strain in the 
multilayer start to relax with the increase in spacer layer thickness. 

The large room temperature resistivity and its thermally activated nature in 
superlattices with n < .^ is puzzling. The cumulative thickness of LCMO in these 
samples is well above the threshold for metallic behavior in LCMO films [152\. A 
comparison with the data for individual films (Fig. 3.5{a) and Fig. 4-4 {o-)) suggests 
that p{ T) of these superlattices should, in fact, have a well-defined peak near the Curie 
temperature {Tc) and a metal - like behavior below Tc- However, this scenario is 
applicable only under the assumption that the superlattices have coherent c - axis 
growth with no interfacial disorder. Two possible mechanisms for the interfacial 
disorder can be identified. One is of a metallurgical origin where intermixing of the 
constituent elements of LCMO and LNO takes place at the interface. The ensuing 
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randomization of the magnetic ions {Mn and Ni) at the interface would also result in a 
magnetic disorder. The extent of interfacial mixing can be evaluated through analysis 
of X - ray diffraction data [102, 153] and by making use of high resolution cross- 
sectional electron microscopy [153, 154]. The interfaces of multicomponent oxides 
based superlattices such as of the high Tc cuprates and manganites prepared by 
using magnetron sputtering, PLD and MBE have been studied using these techniques 
[91, 102, 153, 154]. Further, the layer-by-layer growth of multilayers has also been 
studied insitu with high and low energy election diffraction in PLD [91, 155] and MBE 
[55] processes. These studies suggested that the interfaces of oxide superlattices are 
relatively sharp. While we have not undertaken a detailed study of interfacial mixing, 
we expect it to be negligible as our deposition conditions were similar to those used 
in studies where the interfaces have been analyzed in detail [91, 154, 155]. However, 
even if the interfaces are ideally terminated, they will always have magnetic disorder. 
This is because of the changes in the nearest neighbor environment of the magnetic 
ions at the interfaces and modification in bond angles and bond distances caused by 
interfacial strain. There are two important consequences of the magnetic disorder. 
First a local breakdown of the double exchange mechanism [51], which is responsible 
for metallic conduction in LCMO below Tc and secondly, the disorder can also affect 
the metallic character of LNO. Noticeably, this cubic perovskite tends to have a 
charge ordered insulating ground state as the La sites are replaced by ions of smaller 
radii such as Nd^'^ , Sm^'^ etc. [156]. While the thickness of this magnetically and 
electrically altered interfacial region will decrease as the lattice mismatch is reduced, 
it is likely to remain non-zero due to magnetic ions even when the lattice parameters 
of the constituents are identical. Our earlier work on ultrathin films of LCMO [152] 
indicates that the disorder regions at the film - substrate interfaces is wider in the case 
of LAO (mismatch ~ -f 1.8 %) than in LCMO films on STO (mismatch ~ -f- i.d %). 
In the case of the superlattices, however, the width of the disordered region is decided 
by the mismatch between LCMO and LNO ~ -f 5.5 %). This is perhaps the 
reason why properties of the superlattices on STO and LAO are remarkably similar. 




Figure 5.12: (a) A schematic view of the cross section of the superlattice with n = 4- 
Left hand side of the figure shows atomically sharp interfaces. Cross-section of the 
same superlattice with interfacial disorder is shown on the right, (b) shows the cross- 
section of superlattices with n > 4 is in the clean (left side) and disordered (right side) 
limits. The disorder is assumed to consume 2 unit cells of the film on both sides of 
the interfaces. 
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Figure 5.13. The measured and calculated resistivities of the superlattices with 
n= 5, 6, 8 and 10. The calculation is based on a parallel resistor model for a stack of 
15 quad layers, each consisting of LCMO, LNO and the disordered interfacial phase. 
The resistivity of the interfacial phases deduced from p( T) data of the superlattice 
with n = ^ is plotted in the inset (a). Inset (b) shows the resistivity of LNO layers 
= pg + pj t) obtained from the best fits (see text for detail). 
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We have successfully modeled the resistivity of the superlattices by explicitly 
taking into account the contribution of the interfacial region to total conduction. We 
first assume that a 2 unit cells thick LCMO and LNO on either side of the interface 
convert to the disordered phase. The superlattice with n = 4 then consists of a 
stack of 15 bilayers of LCMO and disordered interfacial phase {DIP) as sketched in 
Fig. 5.12(a). From the measured resistivity of the superlattice with n 4 and the 
resistivity of 32 u.c. thick LCMO film at various temperatures, w'e extract, using a 
parallel resistor model, the temperature dependence of the resistivity of the DIP. The 
result of this calculation is shown in the inset (a) of Fig. 5.13. Here it is important to 
point out that the resistivity of the disordered phase has unphysical sign (negative) 
if the p(T) of LCMO layers is taken to be that of a thicker film (one with a well- 
defined Curie temperature and positive dp/dT at T < Tc as shown in Fig. 3.5(a)). 
Under this model, the superlattices with n > 4 consist of 15 identical quad layer 
units as shown in Fig. 5.12(b). Here, while thickness of LCMO and DIP remain the 
same, the LNO thickness increases with n. In these periodic quad layer structures 
it is also reasonable to argue that the resistivities of LCMO and DIP do not change 
with n. However, this is certainly not true for the LNO as the LNO layer thickness 
increases with n. The data of Fig. 4-4 (o^) suggest that the resistivity of LNO should 
decrease as n increases. In Fig. 5.13 we show the measured and calculated resistivity 
of the samples with n = 4, 6, 8 and 10. Here we have taken the resistivity of LNO 
as PcifoC^^ = Po + Pr^j with po and pi as temperature independent adjustable 
parameters. The resistivity of the DIP and LCMO are the same as used in the 
calculations for superlattices with n = 4- As evident in the figure, the measured and 
calculated resistivities are in excellent agreement above ~ 75 K. The disagreement at 
T < 75 K is perhaps due to the fact that our calculation does not take into account 
the upturn in the resistivity of thin LNO films at lower temperatures. In the inset 
(b) of Fig. 5.13 we show the calculated PimoC^^) for different superlattices. The 
similarity of these curves with the data on individual films of LNO (Fig. 4-4((^)) is 
noteworthy. 

The large negative magnetoresistance at lower temperatures in samples with 
n< 4 highlights the sensitivity of electron transport in the disordered interfar'^al 
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to a magnetic field. While this effect should be present in samples of larger n as well, 
observing it may be difficult because of the shunting of current paths by the much 
more conducing LNO layers. The DIP on the LCMO side may consist of pinned 
spins of the and ions, which may tend to bias the magnetization of the 

LCMO layer. Randomly oriented magnetic moments of LCMO layers are likely to 
inhibit transport of spin - polarized carriers across LCMO - LNO interfaces \18, 27\. 
At lower temperatures, the depinning of these ionic spins and a concomitant parallel 
alignment of LCMO moments, may require substantial fields. However, higher tem- 
peratures tend to marginalize the pinning. This is perhaps why the magnetoresistance 
decreases at higher temperatures. The interfacial disorder can also lead to distortion 
of NiOe octahedra in the LNO layers. It is well known that deviations from a perfect 
cubic symmetry can open up a charge order gap in this rare earth nicolate [156]. 
Electrical conduction in the resulting antiferromagnetic and insulating state would 
show a considerable sensitivity to magnetic field. 

5 . 4 Conclusions 

We have studied the epitaxy and superstructure in the LCMO/LNO superlat- 
tices deposited on (001) oriented STO and LAO by X - ray diffraction. The angular 
separation between first order satellite peaks becomes wider as the spacer layer thick- 
ness decreases from 10 u.c. to 2 u.c.. We have measured the electrical resistivity and 
magnetoresistance of LCMO/LNO superlattices with different layer thickness over 
4-2 K to SOO K temperature range. Superlattices with LNO thickness < 5 unit cells 
show thermally activated resistivity over the entire temperature range. These sam- 
ples also show a large magnetoresistance, which grows with decreasing temperature. 
A parallel resistor model where in the resistance of the disordered interfacial region is 
considered explicitly, reproduces the broad features of the p{ T) curves. We attribute 
the disorder interfacial region to lattice, mismatch related strain and truncation of the 
3D - coordination of magnetic ions at the LCMO - LNO interfaces. A field assisted 
transport of spin polarized carriers across the interfaces and hopping of Cg electrons 
between Mn^'^ and Mn^"^ ions whose t^g spins are pinned by the interfacial disorder, 
provide a plausible scenario for the large low temperature magnetoresistance. 



Chapter 6 


Overdamped oscillatory coupling 
and magnetoresistance in 
(LCMO) 2 o/(LNO)n superlattices 


6.1 Introduction 

Interlayer exchange coupling and its oscillatory nature in 3d - transition metal 
based magnetic multilayers have been studied extensively in the last decade [4, 4^]- 
In the systems where magnetic layers of Fe, Co or Ni are separated by a non-magnetic 
simple metal, it is generally recognized that the lEC - interaction is carried by the 
conduction electrons of the latter [14, 15]. The strength and range of this interaction 
depends sensitively on the effects of scattering of charge carriers by disorder in the 
spacer layer and at the spacer - ferromagnet interfaces. In the backdrop of these 
findings, the recent discovery of overdamped oscillations in lEC of certain multilayers 
[57, 55] where the constituents are compounds with inherent complexities of narrow 
bands, short mean free path and electron correlations is quite fascinating. 

The nature of lEC in 3d - transition metal based superlattices is clearly linked 
with the behavior of magnetoresistance. The magnetoresistance also shows oscillations 
with the increasing spacer layer thickness and its period matches with the nerind nf 



118 


Chapter 6. Overdamped oscillatory coupling and magnetoresistance . . . . 


the lEC [157], A large negative magnetoresistance when lEC is antiferromagnetic 
indicates ease in spin diffusion through the spacer as magnetization vectors of the 
neighboring ferromagnetic layers are made parallel by the external magnetic field. 
However, limited transport measurements on superlattices made of compounds show 
no such correlation between the magnetoresistance and interlayer exchange coupling. 

This chapter describes extensive measurements of the interlayer exchange cou- 
pling, temperature dependent resistivities and Current-in-Plane magnetoresistance in 
superlattices of the ferromagnetic manganite Lao.yCao.sMnOs and a Pauli paramag- 
net LaNiOs, which remains metallic down to 4-^ K. While the saturation field {Hs) 
and remnant magnetization (Mr) of these superlattices show an overdamped oscilla- 
tory behavior with the increasing LNO layer thickness, the magnetoresistance reveals 
a remarkable dual character. The magnetoresistance derives contributions from the 
ease in carrier transmission across interfaces as the magnetization vectors of the ad- 
jacent LCMO layers become parallel with field. This effect saturates at ~ Hs- The 
second contribution to magnetoresistance, which is additive, seems to come from field 
assisted hopping of carriers between localized moments at the interfaces. The manifes- 
tations of interfacial disorder in these superlattices are seen in their resistivity as well. 
The measured resistivity of these periodic structures is much higher than the resistiv- 
ity inferred from a simple parallel resistor network calculation using bulk resistivities 
of LCMO and LNO \158\. While in chapter 5 we focussed on electrical transport in 
{LCMO)m/{LNO)n multilayers with m = 10 u.c., here we discuss magnetotransport 
and magnetic ordering in multilayer with a thicker (m = 20 u.c.) LCMO layers. 

6.2 Results 

6.2.1 X - ray diffraction 

The difference between lattice parameters (Ao) of the substrate and bulk 
LCMO induces stress in the film at small thickness. The strength of substrate in- 
duced stress becomes weaker and the lattice parameter of LCMO film approaches its 
bulk value as the film thickness increases. In order to study the effects of LCMO layer 
thickness on the physical properties of superlattices, we have also synthesized samples 
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Figure 6.1: JY - ray intensity around the {001) reflection of the substrate for the 
superlattices {20 u.c LCMO/n u.c. LNO) with n = 4 and 6 deposited on {001) 
oriented LAO (curve a and b respectively). The {001 ) reflection of the film is marked 
as ‘O’. The first order satellites on either side of the reflection are marked as + 1 and 
- 1. Inset shows the c - axis lattice parameter of superlattices as a function of spacer 
layer thickness. 


where the LCMO thickness is 20 u.c.. Fig. 6.1 shows X - ray diffraction profiles 
around {001) reflection for this set of samples. The presence of satellite peaks on 
either side of the {001) diffraction clearly shows a periodically modulated structure. 
The negative ‘zXci’ between LAO and LCMO indicates that the in-plane lattice pa- 
rameter of the LCMO is under oscpanoion while the out-of-plane lattice parameter is 
under ooHXfneBBion. As seen in chapter 5, the out-of-plane lattice parameter of the su- 
perlattices deposited on LAO decreases and approach to the bulk value as the snarer 
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layer thickness increases (Fig. 5.3). Similar behavior is seen in the superlattices with 
20 u.c. thick LCMO deposited on LAO. We have plotted in the inset of Fig. 6.1 the 
c - axis lattice parameters of the superlattices with 20 u.c. thick LCMO deposited 
on LAO as a function of spacer layer thickness. 


6.2.2 Electronic transport 



Figure 6.2: Zero-field, current-in-plane temperature dependent resistivity of 
20 u.c LCMO/n u:c. LNO superlattices deposited on (001) oriented LAO with 
different spacer layer thicknesses. Inset shows the low temperature part of resistivity 
of these superlattices with n = 7 and 5 plotted in log scale. 


The temperature dependent zero-field resistivity of the 20 u.c. thick LCMO 
superlattices deposited on {001) oriented LAO with different spacer layer thicknesses 
is shown in Fig. 6.2. The qualitative behavior of p{T) for the samples with n < .^ is 
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similar to that of a 55 u.c. thick LCMO film (Fig. 3.6). The p{T) of superlattices with 
n = 2 and 4 is thermally activated below room temperature down to a temperature 
Tp at which the resistivity is maximum. At temperature below Tp resistivity is metal 
- like {positive dp/dT) down to 20 K and then again becomes thermally activated. 
For n > 5 the samples do not show any peak in resistivity. For superlattices with 
n = 5, 6 and 7, the p{T) below room temperature remains metallic down to 20 K 
followed by a thermally activated behavior. For samples with n > 8 the resistivity 
remains metallic below room temperature down to 4.2 K. In the inset of Fig. 6.2 we 
compare the low temperature behavior of resistivity in sample with n = 7 and n = 8. 
In the inset of Fig. 6.3 we show the zero-field resistivity sA 5 K for superlattices 
deposited on TAO as a function of spacer layer thickness. It is maximum for the 
superlattice with n = 2 and it drops as the spacer layer thickness increases. 

6.2.3 Magnetoresistance 

Fig. 6.3 shows the temperature dependent resistivity of the superlattices in 
the presence of a tesla field applied along the direction of the in-plane current. 
In the presence of magnetic field, the resistivity of these samples drops significantly 
from its zero-field value and Tp shifted to higher temperatures. The low temperature 
thermally activated behavior starts below ~ 25 K. 

The nature of coupling between the ferromagnetic layers is expected to have 
a distinct bearing on the magnetoresistance of the superlattices. In Fig. 6.4 we show 
the magnetoresistance at 4 of a large number of LCMO/LNO samples in the 
temperature range oi 4- ^ K and 300 K. For all samples, the magnetoresistance rises 
gradually on cooling below 300 K, reaches a peak value in the vicinity of the Curie 
temperature and then drops on further cooling. However, there are many interesting 
features beneath this broad description of the magnetoresistance. For example; (i). 
The magnetoresistance of samples with thin spacer (< 2 u.c.) is ~ 100 percent near 
Tc and it stays high on lowering the temperature. The Tc has been identified with 
temperature where zero-field resistivity has the peak and it compares well with the 
Tc deduced from field-cooled magnetization measurement, (ii) While the Tc of thick 
(> 400 A) LCMO film and LCMO/LNO with n> 8 u.c., is ~ 220 K, a significant dron 
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Figure 6.4: Magnetoresistance of 20 u.c LCMO/n u.c. LNO superlattices deposited 
on LAO measured as a function of temperature at I tesla, with the field aligned 
in a Lorentz force free configuration. Magnetoresistance drops precipitously as the 
thickness of LNO layer is increased (note the logarithmic scale). Also at T < 20 K 
drop in MR is prominent in samples with thinner LNO layers. Inset shows the MR 
of different superlattices at 10 K. 



Figure 6.5: Magnetic field dependence of MR at 50 K for three superlattices with 
m = 20 and n = 2, 4 and 6. Data for a complete field cycle between + 4 tesla and 
— 4 tesla are shown. The MR at 50 K is completely reversible. Solid lines in the 
figure are fits of the type MR ~ IP. 

In order to address the question whether the MR is a consequence of the 
ease in transport of spin - polarized carriers across the spacer as the moments of 
the FM layers become parallel, in Fig. 6.5 and Fig. 6.6 we show field scans of mag- 
netoresistance for samples with n = 2, 4 and 6. In Fig. 6.5, the MR of all three 
samples at 50 K is negative even at the lowest field and its magnitude continues to 
increase with field following a dependence of the type MR IP where a = 0.6, 
0.85 and 0.92 for n = 2, 4 and 6 respectively. The magnetoresistance is also 
fully reversible at this temperature. A strikingly different behavior of MR is seen 
at 5 A for sample with n-= 2, which has antiparallel magnetic coupling between the 







Figure 6.6: Magnetoresistance at 5 if for three superlattices at different magnetic 
fields. Data for a complete field cycle between + ^ tesla and — 4 tesla for superlattices 
with n = 2 and 4 and a part of second field sweep cycle for superlattice with n = 4 
are shown. The direction of the magnetic field is marked by arrows for the superlattice 
with n = 2. 

LCMO layers. This characteristic field E*g is same as the saturation field till 0.8 tesla 
followed by a much slower change. In Fig. 6.6 we show the hysteresis in MR{H) 
of all three samples separately. For samples with n = 4 and 6, the MR increases 
smoothly with field without any signature of a H}. Note that our magnetization data 
for these samples suggested that the LCMO layers are FM coupled. The marked 
change in the behavior of magnetoresistance with increasing field strongly suggests a 
correlation between the magnetoresistance and magnetic coupling of the samole with 
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n = 2. Another interesting feature of the MR at low temperature {< 20 K) \s k 
pronounced hysteresis. The MR of these samples during second cycle of field sweep 
from + 4 tesla to zero-field does not trace the path taken during the first sweep. This 
behavior is shown for sample with n = 4 . Similar irreversibility is also present in MR 
vs H loops of other samples. A similar irreversibility in MR vs H plots is observed 
in superlattices with 10 u.c. thick LCMO layer (Fig. 5.10). 

6.2.4 Magnetization 



Figure 6.7; Zero-field-cooled and field-cooled magnetization of superlattices 
{20 u.c LCMO/n u.c. LNO) with n = 1, 2, 3, 4i 6 and 8 in 50 Gauss magnetic 
field aligned along the {100) direction of the film. 
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In Fig. 6. 7 we show zero-field-cooled and field-cooled magnetization curves of 
six samples (with n < 8) measured in ~ 50 Gauss field aligned parallel to the plane 
of the sample. The ZFC magnetization of all samples increases slowly with temper- 
ature on heating above 5 K and becomes maximum at temperature T. At T > T, 
magnetization drops rapidly to a negligibly small value and then remains small above 
the Curie temperature. The FC magnetization at 5 K, is large. It decreases on heat- 
ing above 5 K and merges into the ZFC curves at T> I*. A qualitatively similar 
behavior is seen for the sample with n > 9. The large difference in ZFC and FC 
magnetizations at low temperatures suggests some kind of freezing/frustration of the 
moments. 



Figure 6.8: Magnetic field dependent normalized magnetic moment (M^/Ms) of 
superlattices with m = 20 and n = 1, 2, 3, 6 and 8 with magnetic field applied 

along the {001 ) direction of the samples at 10 K. 
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Figure 6.9: Panel (a) shows variation of the saturation field Hs with LNO spacer layer 
thickness in 20 u.c. LCMO/n u.c. LNO superlattices. The ratio of the remnant and 
saturation moments {MrfMs) for different superlattices is shown in the lower panel 
(b). Solid lines in the figure are guide to the eye and the significance of error bars is 
explained in the text. All data were taken dX 10 K. 


Isothermal measurement of magnetization as a function of applied field (H) is 
a commonly used method to establish the nature of interlayer coupling. In Fig. 6.8 
we show magnetic hysteresis data of the multilayers taken at 10 K. The magnetic 
field in these measurements was aligned parallel to {001) axis of the substrate. For 
the sake of clarity, data for only a selected number of superlattices are shown and 
the magnetization has been normalized with respect to its saturation value. The Ms 
and Hs have been extracted from the hysteresis loops after taking into account the 
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weekly diamagnetic response of the substrate. The large saturation field and negligible 
remnant magnetization {Mr) seen in the case of samples with 1 u.c. and 2 u.c. thick 
LNO spacer is indicative of anti ferromagnetic exchange coupling between the LCMO 
layers. The antiferromagnetic coupling is directly related to saturation field as 
4Jaf — HsMstpM where Ms and tpi^^ are saturation magnetization of the sample 
and thickness of the magnetic layer respectively. The sturation field drops when the 
LNO thickness is increased to 3 u.c. and remains low for the higher values of n. The 
saturation field and remnant magnetization for all multilayers are shown in Fig. 6.9 
where the error bars reflect the variation of Hs and Mr within the step-size of the field 
used in these measurements. The saturation field for {001) and {010) orientations is 
the same within the step size. The variation of Hs with the spacer layer thickness 
shows a peak at n ~ 2 followed by a minimum at n ~ and then a second broad 
peak of much lower intensity centered at n ~ 7. The remnant magnetization, on the 
other hand, rises rapidly between n = 2 and n = 4> reaches a peak value at n = d 
and then drops, on a further increase in n. 

6.3 Discussion 

In the case of superlattices with 10 u.c. thick LCMO layers the interfacial 
strain starts to relax as the spacer {LNO) layer thickness increases. Similar behavior 
is observed for the case of 20 u.c. thick LCMO based superlattices. The c - axis 
lattice parameter of the superlattice with 10 u.c. thick LCMO and 2 u.c. thick LNO 
is 3.95 A. As the thickness of LCMO increases to 20 u.c., the c - axis lattice param- 
eter becomes 3.915 A. As shown in the inset of Fig. 6.1 the c - axis lattice parameter 
of the superlattices continue to decrease as the spacer layer thickness increases and 
becomes 3.876 A for the superlattices with 6 u.c. thick LNO. A similar behavior 
of the c - axis lattice parameter is also seen in sample with 10 u.c. thick LCMO 
layers (see chapter 5). This observation suggests that the disorder interfacial phase 
{DIP) identified earlier will be same in the superlattices where the magnetic layers 


are 20 u.c. thick. 



130 


Chapter 6. Overdamped oscillatory coupling and magnetoresistance . . . . 


It is instructive to compare the behavior of Hs seen in Fig. d.P with the data on 
superlattices of pure metals and compounds. In the case of Fe/ Cr, the canonical GMR 
superlattice for example, a distinct peak is seen in Hs at Cr spacer thickness {ds) of 
^ 10 A followed by a second peak and a third peak like feature at 25 A and 45 A 
respectively [.^]. A similar period has been observed in Fes 04 /TiN v/ith much stronger 
damping of the oscillations at the higher TiN spacer thickness [57]. In the case of 
Las/sBaiisMnOs/LaNiOs superlattices, however, a fully developed ferromagnetic 
coupling is seen for 5 u.c. thick LNO [55]. While this number exceeds our value by 
^ 1 u.c. of LNO, the overall features of the data shown in Fig. 6.9{o) are similar 
to what has been observed in the case of Las/sBaj fsMnOs/LaNiO 3 multilayers. 
Bruno and Cheppert [I 4 ] have shown that in the framework of the Ruderman-Kittel- 
Kasuya-Yosida exchange coupling, the period of oscillations depends on the Fermi 
surface parameters of the spacer layer. Since the spacer layers are identical in the 
two cases, the subtle difference in the position of the first minimum is perhaps due 
to the difference in the ferromagnetic layers as suggested by Baranas [7] for metallic 
superlattices. The behavior of remnant magnetization with increasing ds as shown in 
the Fig. 6.9(b) is consistent with the picture of a change over from antiferromagnetic 
coupling between the LCMO layers. The large value of Mr (~ 35 % of Ms) for 
ds > 3 u.c. reflects the squareness of the hysteresis loop, typical of a soft ferromagnet. 

In metallic superlattices, a correlation between AF interlayer exchange cou- 
pling and large negative magnetoresistance depends on the extent of interfacial dis- 
order. For example in Fe - Nh multilayers [i5P], while Hs and Mr oscillate with the 
increasing Nb layer thickness, the magnetoresistance remains small even in the case of 
the AF coupled samples. Similarly, non-magnetic impurities at interfaces are seen to 
suppress magnetoresistance without changing the AF coupling [32]. Electron trans- 
port and magnetic properties of transition metal oxides are likely to be much more 
susceptible to interfaces and interfacial disorder due to the covalency of the bonds. 
Even at a defect-free interface, the truncation of the 3 - dimensional environment of 
the Mn and Ni ions in the bulk LCMO and LNO respectively can lead to different site 
spins and overlap integrals for charge transport. The possibility of alloying through 




Figure 6.10: LNO spacer layer thickness dependence of the saturation moment per 
Mn ion in the superlattices. The dotted line in the figure is a guide to the eye and the 
error bars reflect the uncertainty in the measurements of sample dimensions. Inset 
shows the value of transition temperature of superlattice with different spacer layer 
thicknesses seen in the MR(T) and FCM{T). Solid line in the figure is a guide to the 
eye. 
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formation of compound Lclx N i i -xMnO 3 and lattice mismatch related strain add to 
this problem. In our earlier studies of transport in ultrathin films of LCMO, LNO and 
{LCMO)mALNO)n superlattices (m = 10 u.c. and n variable), we have seen clear 
signatures of a 5 u.c. rsj 4 u.c. thick disordered interfacial phase \158]. Our magne- 
tization measurements also attest to this picture. In Fig. 6.10 we show the variation 
of saturation magnetization in units of Bohr magneton {hb) per Mn ion with LNO 
thickness. A simple counting of and Mn^'^ spins in the bulk Lao.rCao.sMnOs 

yields an average moment of S.7 hb per Mn sire. Measurements of magnetization 
on a 1000 A film of LCMO are consistent with this number. In the multilayers with 
lower LNO spacer layer thickness, the magnetic moment per Mn ion shows a small 
but distinct drop. We also observe a similar drop in the Curie temperature. However, 
as n increases beyond d, the Ms and Tc show steady increase and for the superlattice 
with n = 10, both these quantities reach the bulk value. 

For the case of super lattices with 10 u.c. thick LCMO and less than 4 y-c. 
thick LNO spacer layers, we see large room temperature resistivity, which is thermally 
activated till the lowest temperature. When the magnetic layer thickness is increased 
to 20 U.C., the temperature dependence of resistivity in samples with n < .^, is similar 
to that of the resistivity in pure LCMO film. However, as the spacer layer thickness 
approaches 10 u.c., the behavior of p(!r) is similar to that of a pure LNO film. 

Our modeling of p{T) for superlattice with m = 10 and n variable strongly 
suggested that for n < 4, the LNO layers are completely consumed by the formation 
of a disordered interfacial phase whose resistivity can be deduced by analyzing the 
transport in the frame work of a parallel resister network model. Extension of this 
analysis to present superlattices where the LCMO thickness is 20 u.c., implies that 
the sample with n = 4 will only consist of alternate layers of the DIP and 16 u.c. of 
LCMO. The p{T) of the DIP calculated from the resistivity of the m = 10, n = 4 
superlattice is shown in the inset of Fig. 6.11. With this p{T), we apply the PRN 
model to the measured p(r) of the sample with m = 20 a.nd n = 4. A least square 
fitting procedure allows us to extract p{T) of LCMO in the superlattice. These 
data are also shown in the inset of Fig. 6.11(a) curve (2). The multilayers with n> 4 




Figure 6.11; The measured and calculated resistivities of the superlattices with 
n = 4 , <5, 6, 7, 8, 9 and 10. The calculation is based on the Parallel Resistor Network 
model for a stack of 15 quad layers, each consisting of LCMO, LNO and DIP. The 
resistivity of DIP deduced from the p(T) data of superlattice with m = 10 and n = 4 
(curve 1) and the resistivity of LCMO deduced from the p{T) data of superlattice 
with m = 20 and n = 4 (curve 2) is shown in the inset (a). Inset (b) shows the 
resistivity of LNO layers (p(T) = Po + Pi T) obtained from the best fits. 
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in our model consist of a repetitive trilayer structure with a fixed thickness of the DIP 
and LCMO, but with the LNO thickness increasing with n. In Fig. 6.11 vie show the 
PRN model based p( T) for multilayer with n> 4 along with the measured data. 
The measured and calculated resistivities are in excellent agreement above ~ 75 K. 
The disagreement at T < 75 is perhaps due to the fact that calculation does not 
take into account the upturn (Fig. 4-4{o)) in the resistivity of thin LNO films at lower 
temperature, and the interlayer exchange coupling between the successive magnetic 
layers. In inset (6) of Fig. 6.11 we show the calculated p{T) of LNO for different 
superlattices. The p{T) of LNO varies as p{T) — po + PtT with po and p/ as 
temperature independent adjustable parameters. 

From our magnetotransport and magnetization data, and studies on ultrathin 
films of La 0 . 7 Ca 0 .sMnO 3 and LaNiOs, a fairly consistent picture of interlayer cou- 
pling and magnetotransport emerges in LCMO/LNO superlattices. For LNO layer 
thickness oi n < 2 u.c., modeling of transport [158] and the behavior of FC/ZFC 
magnetization suggest a disordered LCMO/LNO interface with thickness ~ 4 u.c. 
and frustrated Mn^'^, Mn'^+ and spins. We suspect that an RKKY type in- 
teraction through this spin - disordered phase causes the AF coupling of the LCMO 
layers. The steep increase in magnetoresistance of these multilayers up to a critical 
field H*s provides compelling evidence for a correlation between magnetic coupling 
and transport. The less pronounced but a persistent growth of magnetoresistance 
with field seen beyond the saturation field is a typical feature of narrow bandwidth 
manganites and ultrathin films of even wide bandwidth systems such as LCMO and 
LSMO [82, 120 , 160-162]. While in the former it is caused by suppression of charge 
ordering tendencies in the latter depinning of the interfacial t 2 g spins by the external 
field may be responsible for the large negative magnetoresistance. The depinning is 
arguably a plausible scenario in the present case as well is evident from the sudden 
drop of the 4 tesla magnetoresistance in samples with n < 4 seen at lower tempera- 
tures {T < 20 K), where limited thermal energy of the localized spins requires much 
stronger fields for parallel alignment. The freezing/pinning of spins is also evident in 
the ZFC - FC magnetization data. 
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At the higher LNO thickness, the lEC turns ferromagnetic and the magne- 
toresistance does not show a steep increase with the field. However, a gradual increase 
of magnetoresistance up to the maximum field used in these experiments again points 
towards pinning of the site spins by interfacial disorder. However, this effect is ex- 
pected to be less remarkable as the LNO layers gain their bulk - like conductivity 
and itinerant electrons facilitate coupling of the localized spins. Some indication of 
this effect comes from the gain in saturation moment and Curie temperature of the 
multilayers at the higher LN 0 spacer thickness. Finally, the disorder at the interfaces 
and in the LNO layers is expected to attenuate the oscillatory coupling [13, U]. The 
overdamped lEC seen in Fig. 6.11 is consistent with this picture of magnetic ordering 
in interfacial superlattices. 

6.4 Conclusions 

In summary, we have carried out a systematic study to identify the possible 
correlation between interlayer magnetic coupling and magnetoresistance in superlat- 
tices consisting of two metallic oxides one of which is a double exchange ferromagnet 
of considerable current interest. We observe overdamped oscillations in the magnetic 
coupling with the increasing LNO spacer layer thickness. While all multilayers show 
negative magnetoresistance, the effect is particularly large in samples where the lEC 
is antiferromagnetic. These measurements also suggest that interfacial disorder of 
magnetic and structural origin plays a much greater role in the behavior of magne- 
toresistance than the nature of interlayer magnetic coupling. 




Chapter 7 


Current - perpendicular to plane 
(CPP) magnetoresistance of 
LCMO/LNO superlattices 


7.1 Introduction 

The structural and magnetic disorders at the interfaces of thin film super- 
lattices play a critical role in magnetic ordering and magnetoresistance of such het- 
erostructures. While this issue has been addressed at length for 3d - transition metal 
based multilayers [48], recent measurements on similar structures made of magnetic 
oxides suggest that the interfacial disorder can be equally significant in these sys- 
tems as well [36, 40-42, 92, 163], Studies of interfacial disorder and its influence on 
magnetic coupling and transport are important in the context of the reports of oscil- 
latory exchange coupling (OEC) in FeaO^/TiN [SI] and Lag/sBai/sMnOs/LaNiO^ 
[5S] superlattices. Bruno and coworkers [13, 14] have shown that scattering of charge 
carriers by a static disorder in the non-magnetic spacer layers and at the interfaces of 
the multilayers can suppress the OEC. Such effects are expected to be strong in oxide 
based systems due to small mean free path of carriers, and the interface roughness 
resulting from a change in the nearest neighbor environment of the magnetic ions at 
the interfaces even when there is no metallurgical intermixinp- nf <iiomoT%+o 
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Scattering of charge carriers by the interfacial disorder and its effects on mag- 
netic ordering can be probed with measurements of electrical resistivity- Transport 
measurements on superlattices are commonly performed in a geometry where the 
current flows in the plane of the film. For this Current-in-Plane configuration, the 
effective resistance of the superlattice can be modeled by considering it a parallel com- 
bination of resistances of the magnetic and non-magnetic layers, and of the interfacial 
zones. However, the contribution of interfacial disorder to electron scattering can be 
measured directly by injecting current through the interfaces. The advantage in this 
case is that all carriers contributing to current are forced to pass through the inter- 
faces as well as the bulk. This makes the current distribution uniform and permits 
application of a series resistance model in which contributions from individual metals 
and interfaces are summed [17]. However, this Current Perpendicular-to-Plane mea- 
surement is quite non-trivial because of the extremely small resistance of the metallic 
samples [16, 17]. In the case of 3d - transition metal based superlattices, CPP re- 
sistance has been measured by lithographic patterning of multilayers in the form of 
columns of small cross sectional area [i5]. The CPP resistance and magnetoresistance 
have also been measured by sandwiching the superlattice between two thin - film elec- 
trodes of niobium in their superconducting state [i7]. The CPP - MR measurements 
are lacking on oxide - based multilayers except for the tunneling magnetoresistance 
injunctions made of two magnetic oxides separated by a thin insulator [164]- 

In this chapter we present measurements of CPP resistance and MR of a mag- 
netic - nonmagnetic superlattice consisting of two metallic compounds. The magnetic 
layers are of the double exchange ferromagnet Lao.yCao.eMnOs and the non-magnetic 
spacer is LaNiO$. These measurements reveal several interesting aspects of the spin 
dependent transport such as; (?) a large (~ 80 % a.t 4 tesla) CPP - MR at temper- 
atures much below the Curie temperature, (n) a drop in CPP - MR at T < 20 K, 
and {Hi), evidence for a disordered interfacial phase which enhances the perpendicu- 
lar resistance of these structures and seemingly controls the flow of spin - polarized 
carriers across the interfaces. 
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7.2 Results 


Figure 7.1 shows the resistance of three multilayers measured over J^.2 K to 
300 K in zero-field and at 4- tesla. A sketch of the sandwich geometry used for CPP 
resistance measurements is shown in the inset. Since this is essentially a two - terminal 
measurement, the data in the temperature range where YBCO is normal also reflect 
voltage drop in certain parts of the YBCO film, in addition to the resistance of the 
YBCO - superlattice interface and the perpendicular-to-plane (PP) - resistance of 
the supe’-lattice itself. While a correct determination of the current flow patterns and 
potential distribution on the top and bottom electrodes is quite non-trivial, a linear 
T - dependence of the resistance zX T > 100 K suggests that it is primarily from the 
YBCO electrodes, with some contribution from planar transport in the superlattice. 
The normal-state resistance of the sandwich shows a distinct drop with field, which 
is much larger then the magnetoresistance in YBCO [165]. The drop in resistance 
(i.e. difference between zero-field resistance (Ro(T)) and in-field resistance {Rh{T))) 
of the samples at T > Tc, when 4 tesla field is applied, is shown in the Fig. 7.2. The 
Po(T) — Ru{T) of the sample with 8 u.c. spacer layer in the superlattice, in the 
normal state of the electrodes has a broad peak centered at ~ 180 K. This feature is 
indicative of magnetic ordering in the LCMO. The peak in RoiT) — Rh{T} shifts to 
a lower temperature as the spacer layer thickness in the superlattice is reduced. This 
indicates the formation of spin disordered at the interfaces. At T < Tc of YBCO, the 
contribution to measured resistance from transport in YBCO and parallel transport 
in the superlattice disappears, and the geometry truly measures the perpendicular re- 
sistance R of the superlattice in series with the resistance of the FRCO/superlattice 
interfaces. In the vicinity of Tc however, YBCO has a positive magnetoresistance 
due to flux flow [166] and also possibly due to injection of spin - polarized carriers 
from the superlattice [167, 168]. This leads to broadening of the resistive transition. 
The field - induced increase in the resistance of YBCO in the flux flow regime exceeds 
the drop in resistance due to the magnetoresistance of the manganite. This causes 
the zero-field and in-field R{T) curves to cross just below the onset of the transition. 
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Figure 7.1; Zero-field and in-plane field {4 tesla) resistance of the superlattices with 
n — 4, 6 and 8 sandwiched between the YBCO electrodes measured in the CPP 
geometry. Inset shows a schematic view of the sandwich geometry used to measure 
CPP - magnetoresistance. 

go to zero, the perpendicular resistance of the superlattice decreases with field (nega- 
tive magnetoresistance of LCMO layers). This effect causes the R{T) curves to cross 
once again. In the Fig. 7.3{a) we show the difference between the zero-field and in- 
field resistances in the transition region of the samples with 6 u.c. and 8 u.c. thick 
spacer layers. The two - fold crossing discussed above leads to a pronounced minimum 
in the Ro{T) — Rn{'I) data. This minimum at 55 is a measure of the flux flow 
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resistance. A small but distinct minimum a.t T = 79 K seen in the figure suggests 
the presence of a two - step superconducting transition, which presumably appears 
because of a low Tc phase of the YBCO in contact with the manganite. The flux flow 
resistance for the sample with 8 u.c. spacer in the superlattice at various magnetic 
fields is shown in the Fig. 7.3{b). The enhanced difference in zero-field resistance and 
in-field resistance with the magnetic field is a clear signature of the flux flow. 



200 

Temperature (K) 


Figure 7.2: The difference in zero-field and in-field resistance of the n = 4, ^ and 8 
superlattices at 4 in-plane field in the temperature range 100 K to 300 K. 


At T <75 K, where the YBCO is fully superconducting the measured resistance 
is truly the perpendicular R of the multilayer. In the Fig. 7..^(a) we show a magnified 
view of the R{T) curves at zero-field for samples with 6 u.c. and 8 u.c. thick spacer 
in the superlattice. The resistance of the sample with 8 u.c. spacer in the superlattice 
at various fields in the temperature range 4.2 K to 75 K is shown in the Fig. 7.4(b). 
There are two noteworthy features of the data shown in Fie. 7.2. Fir.«!t thp rooJc+.r,.. 
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sXT>S0K remains nearly temperature independent and its value drops linearly with 
the field. Secondly, the resistance starts diverging at temperatures below ~ 20 K. 
This effect is stronger at the higher fields. 



Figure 7.3: Panel (a) shows the difference in zero-field and in-field resistance 
{R{0) — R{H)) of the n = 6 and 8 superlattices in the superconducting transition 
region. Panel (b) shows the {R{0) - R {H)) of the n = 8 superlattice at several 
values of magnetic field in the superconducting transition region. 


In Fig. 7.5(a) we plot the magnetoresistance of the samples with 6 u.c. and 
8 u.c. spacer in the superlattice at 4 in the CPP geometry. In Fig. 7.5(6) we 
show the CIP — MR at 4 tesla of n = 5 and 8 samples prepared in a separate run. The 
CPP resistance of these structures decreases rapidly with n. This poses experimental 
difficulties in the measurement of magnetoresistance. However, it is clear from the 
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figure that the CPP - MR is higher by a factor of 7 ~ compared to the CIP — MR. 
Moreover, in both CIP and CPP geometries, the magnetoresistance drops at the 
lowest temperatures. In the case of 3d - transition metal based superlattices also the 
magnetoresistance in the CPP geometry is higher [17, 16], and it tends to reach a 
saturation value at lower temperatures [16]. The magnetoresistance of sample with 
8 u.c. spacer in the superlattice at various fields is shown in the Fig. 7.5(c). 



Figure 7.4: Panel (a) shows the current perpendicular-to-plane resistance of the n= 6 
and 8 superlattices in the temperature range ^.2 K to 80 K measured in zero-field. 
Panel (b) shows the CPP resistance of the n = 5 superlattice at several values 
{0, 1, 2, 3, and 4 tesla) of the in-plane magnetic field. 
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Figure 7.5: Panel (a) shows the magnetoresistance perpendicular- to-plane of the 
n = 6 and 8 superlattices at 4 tesla in-plane field in the temperature range 4-^ ^ 
to 40 K. Panel (b) shows the magnetoresistance parallel-to-plane of the n = 6 and 8 
superlattices at 4 iesZa in-plane field. The CPP - MR at several field {0, 1, 2, 3, and 
4 tesla) is shown in the lower panel (c). 

Figure 7 . 6 shows the CPP - MR of the sample with 8 u. c. spacer superlattice 
at 5 K, 10 K and 40 K as the magnetic field is scanned from 0 to 4 tesla in the forward 
and reverse directions. At 4 O K, the magnitude of magnetoresistance rises with field, 
initially linearly, followed by a sublinear dependence. However, it does not saturate 
at the maximum field of 4 tesla. Further, the magnitude of the magnetoresistance 
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in the field decreasing branch is higher. At the lower temperatures the field-induced 
drop in resistance is much smaller and it remains linear up to the maximum field. 
The hysteresis in this case is much more pronounced. 



Figure 7.6: Magnetic field dependence of CPP - MR of the n = 8 superlattice at 
5 K, 10 K and 40 K. Arrows in the figure indicate direction of the field sweep. Zero 
of the Y - scale for the three sets of data is different. 
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7.3 Discussion 

The factors that affect magnetoresistance, the most in magnetic superlattices 
are the relative orientation of magnetization in successive ferromagnetic layers and the 
interfacial disorder at the ferromagnet - nonmagnet interfaces. The contribution of 
the former to CPP - MR has been discussed in detail [13, 14, IS, 27, 48] In general, 
a parallel alignment of magnetization in the ferromagnetic layers facilitates transport 
of spin - polarized carriers across interfaces leading to a low magnetoresistance state. 
Where as, an antiferromagnetic arrangement or an uncorrelated state of net zero - 
moment of the superlattice enhances scattering of the carriers at the interfaces. The 
magnetoresistance is large in the latter case. Our measurements of the saturation field 
in these superlattices reveal an overdamped oscillatory behavior, which peaks at n = £ 
followed by a minimum at n = .^ and a broad maximum centered at n = <S. The low 
magnetoresistance of the n = 4 multilayer is consistent with this picture. While the 
initial increase of magnetoresistance with the magnetic field as seen in Fig. 7.6 can 
be attributed to field-induced parallel alignment of magnetization in ferromagnetic 
layers, its non-saturating behavior and the anomalous hysteresis point towards the 
role of the interfaces. 

We have addressed the issue of interfacial disorder through measurements of 
saturation moment and by modeling the CIP resistance. Our measurements of the 
CIP magnetoresistance in multilayers consisting of 10 u.c. LCMO and n u.c. LNO 
strongly suggested that for n = .^, the LNO layers are completely consumed by the 
formation of a Disordered Interfacial Phase {DIP) whose resistivity can be deduced by 
analyzing the transport in the framework of a Parallel Resistor Network [PRN) model 
[158]. Extension of this analysis to present multilayers where the LCMO thickness 
is 20 U.C., implies that the sample with n = 4 will only consist of alternate layers 
of the DIP and 16 u.c. of LCMO. The multilayers with n > ^ in our model consist 
of a repetitive trilayer structure with a fixed thickness of the DIP and LCMO, but 
with the LNO thickness increasing with n. We have calculated the perpendicular- 
to-plane resistance of the samples by adding the resistance of the DIP in a series 
resistor framework. Two situations have been considered; In one case the interface 
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is assumed to be disordered, and in the other, the DIP phase is not present. Using 
the calculated resistivities of the DIP, LCMO and LNO the perpendicular resistance 
oi 1 X 1 mm^ of the multilayer has been computed. Result of this calculation for 
n = 8 u.c. multilayer is shewn in the Fig. 7. 7. The perpendicular resistance of the 
multilayer increases by ~ jS orders of magnitude when the contribution of the DIP 
is taken into account. Also, the calculated perpendicular-to-plane-resistance of the 
disordered structure shows an upturn at the lowest temperatures. Our calculated 
resistance (~ 0. 3 mO.) is in fair agreement with the measured zero-field resistance 
of ~ 5 mQ. Note that this calculation does not take into consideration the additive 
contributions of the spin - polarized nature of transport and scattering of carriers at 
the YBCO - superlattice interfaces. 



Figure 7.7: The zero- field resistance of the n — 8 superlattice calculated by adding the 
resistance of each layer in series. Two situations are considered, one with disordered 
interfacial phase and other without the disordered interfacial phase. 


The presence of a disordered interfacial phase is also suggested by magnetiza- 
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of hb per Mn ion present in the superlattices. A simple counting of the Mn^'^ and 
Mn^'^ spins leads to an average Mn — site spin of 3.7 ps in the bulk LCMO. Measure- 
ments on a. 1500 A thick LCMO film are close to this value. However, in multilayers 
of lower n, we see a small but distinct suppression of the moment. Correspondingly, 
there is a lowering of the Curie temperature [169]. The moment tends to recover 
the bulk value as the LNO spacer thickness increases. While such measurements 
of saturation moment are not available on manganite based superlattices where the 
spacer is a metallic oxide, a large loss (~ factor of 5) of moment has been observed 
in superlattices such as Lao.eSro^MnOs/SrTiOs [92] and Lao.jCao.sMnOs/SrTiO 3 
[4.1] where the spacer is an insulator. A relatively small loss of moment observed in 
our case is perhaps due to the metallic character of LNO where itinerant electrons, 
particularly at larger thickness of LNO, can facilitate ferromagnetic ordering of lo- 
calized Mn moments at the interfaces. The carrier - induced ferromagnetism is seen 
in many dilute magnetic systems. It is desirable to point out here that ultra thin 
films of LCMO [170] and LSMO [162] deposited on LAO and STO substrates show 
a considerable loss of moment and an insulating behavior with a large, non-saturating 
negative magnetoresistance similar to those of charge ordered manganites [57]. Prom 
this discussion it is clear that the large non-saturating magnetoresistance and the 
anomalous hysteresis are due to the formation of a disordered interfacial phase of a 
complex magnetic character. 

7.4 Conclusions 

In conclusion, we have measured the CPP resistance and magnetoresistance of 
LCMO/LNO superlattices sandwiched between YBCO thin film electrodes. A disor- 
dered interfacial phase has been identified which enhances the perpendicular-to-plane 
resistance of these periodic structures. The DIP is presumed to cause lowering of 
the magnetic moment associated with the Mn sites in the interfacial regions. Mag- 
netic field dependence of magnetoresistance shows strong hysteretic effects and a 
non-saturating behavior in field up to 4 tesla. Our studies highlight interface effects 
in magnetoresistance of superlattices made of multi-elemental oxides. 



Chapter 8 


Magnetoresistance and spin 
frustration in (LCMO)2o/(ESMO)n 
superlattices 


8.1 Introduction 

In this chapter we describe how the temperature and magnetic field depen- 
dence of resistivity and magnetization of magnetic - nonmagnetic perovskite mangan- 
ite based superlattices change, when the non-magnetic spacer is an insulator. The 
magnetic layer here remains the double exchange ferromagnet Lao.7 Cao.sMnOs , while 
the non-magnetic layer consists of Ero.^Svo.aMnOs, which is a paramagnetic insula- 
tor. In the [{20 u.c.) LCMO/{n u.c.) ESMO] x 15 superlattices with n<5 deposited 
on LAO, the qualitative behavior of resistivity is similar to that of the bulk LCMO. 
However, this behavior is suppressed as the thickness of the spacer layer increases. 
These samples show large negative MR at low temperature even when the applied 
magnetic field is small. These samples also show a large quenching of the magnetic 
moment as the spacer layer thickness increases. We attribute this to random freezing 
of the spin at the interfaces. The width over which such freezing occurs first increases 
with the spacer layer thickness and then saturates. The zero-field-cooled hvsteresis 
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loop is symmetric around zero while the field-cooled hysteresis loop shifted towards 
the negative field. This is a signature of exchange biasing. The exchange coupling be- 
tween the ferromagnetic and nonmagnetic layers increases with the increasing spacer 
layer thickness. 


8.2 Results 

8.2.1 X - ray diffraction 



20 (Degree) 


Figure 8.1: X - ray intensity profiles of superlattices with 20 u.c. thick LCMO and 
various thicknesses {6, 7, 8, 9 and 10 u.c.) of ESMO deposited on {001) oriented 
LAO (curves a, 6, c, d and e respectively). The fundamental {001) reflection of the 
film is marked as ‘t?’. The first order satellites on either side of this reflection are 
marked as -f J and - 1. The figure also shows {001 ) reflection of the substrate due 
to and KP excitations. 
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Figure 8.1 shows the X - ray diffraction profiles of five multilayer samples 
with 20 u.c. thick LCMO and d, 7, 8, 9 and 10 u.c. thick ESMO deposited on (001) 
oriented LAO. The diffraction angle covered here is in the vicinity of {001 ) Bragg peak 
of the substrate. These samples show only first order satellite peaks. One satellite 
peak of the sample with 6 u.c. spacer layer is masked by the line of the substrate. 
Similarly, one satellite peak of the samples with 9 u.c. and 10 u.c. spacer layer falls 
on the {001 ) reflection of the substrate due to Ka. In general, the presence of satellite 
peaks on either side of the fundamental {001 ) diffraction clearly shows the presence 
of a modulated structure. The pseudocubic lattice parameter of LAO {3.792 A) is 
smaller than the lattice parameter of LCMO {3.86 yf) and ESMO {3.812 A). Clearly, 
the in-plane lattice parameter of the superlattice is under expansion. The c - axis 
lattice parameter of the superlattices with various spacer layer thickness is shown in 
the Fig. 8.2. As the spacer layer thickness increases the c - axis lattice parameter 
increases up to n < 5 and remain constant for n > 5. 



Figure 8.2; c - axis lattice parameter of the {20 u.c.) LCMO/ {n u.c.) ESMO 
superlattices as a function of spacer layer thickness. Sold line in the figure is a guide 
to the eye. 
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Figure 8.3: Field-cooled magnetization of 20 u.c. LCMO/n u.c. ESMO superlattices 
with n = 1, 2, 3 and 5 in 2000 Gauss magnetic field aligned along the (100) direction 
of the film. 

In Fig. 8.3 we show field-cooled magnetization curves of the samples with n< 5 
measured in ~ 2000 Gauss field aligned parallel to the plane of the sample. The FC 
magnetization of the sample with n = f on heating above 5 K first drops slowly 
and then rapidly. However, above 220 K, the magnetization remains constant. A 
qualitatively similar behavior of M(r) is seen in the sample with n = 2, 3 &nd 4 . 
The FC magnetization of the sample with n = 5 in the temperature range 5 K to 30 K 
drops slowly on heating above 5 K. At temperatures above 30 K, the magnetization 
first drops rapidly and then slowly up to 300 K. The zero-field-cooled and field- 
cooled magnetization curves of the sample with n = 1 measured in -- 100 Gauss field 








8.2. Results 


153 


aligned parallel to the plane of the sample is shown in the inset of Fig. 8 . 4 - The large 
difference in ZFC and FC magnetizations at low temperatures suggests some kind of 
freezing/frustration of the moments. 



Figure 8.4: Zero-field-cooled hysteresis loops of {20 u.c.) LCMO/{n u.c.) ESMO 
superlattices with various spacer layer thicknesses measured at 10 K. Inset shows 
temperature dependent magnetization of the superlattice with n = 1 measured at 
100 Gauss. 

Figure 8.4 shows the ZFC hysteresis loops of some selected samples (with 
n< 8) measured zX 10 K with magnetic field aligned parallel to the sample plane. The 
magnetization is plotted after taking into account the weekly diamagnetic response of 
the substrate. The magnetization of the sample with n = f saturates above 0.7 tesla. 
Similar saturation in the magnetization is observed in the ZFC hysteresis loops for 
the samples with fi 4- Tor the samples with n > 4 the magnetization does not 
saturate even at 1 tesla. Parts of the ZFC and FC hysteresis loops of three samples 





Figure 8.5: Panels (a, b and c) show zero-field-cooled and field-cooled hysteresis loops 
of 20 u.c. LCMO/n u.c. ESMO superlattices with n = 2, 6 and 8 at 10 K. The 
sample were cooled in the presence of 7000 Gauss field aligned parallel to the film 
plane. The values of coercive and exchange biasing fields of the superlattices with 
different spacer layer thicknesses are shown in panel (d). The solid lines are guide to 
the eye. 
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with n — 2, 6 and 8 are shown in the panel a, b and c respectively of Fig. 8.5. The FC 
loops were measured after cooling the sample in 0 . 7 tesla to the desired temperature. 
We note that the ZFC hysteresis loops are symmetric around the zero-field, the FC 
loops show a shift towards the negative field axis. This is similar to the exchange 
biasing effect associated with magnetic disordered at the interfaces. The negative 
coercive field H ci and positive coercive field Hct were extracted from the hysteresis 
loops after taking into account the diamagnetic response of the substrate. The loop 
shifts i.e. the exchange biasing field {Heb = — (Hci + Hc 2 )/ 2 ) and the half width of 
the total coercive field (He = — {Ha — Hc2)l2) are plotted in panel (d) of Fig. 8.5 
as a function of the spacer layer thickness. The exchange biasing field and coercivity 
increase with the increasing spacer layer thickness. 



Figure 8.6: A section of zero-field-cooled hysteresis loop of the 

20 u.c. LCMO/3 u.c. superlattice measured at different temperatures. 
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Figure 8.6 shows part of the ZFC hysteresis loop of the sample with n = S 
at various temperatures with magnetic field aligned parallel to the sample plane. 
The shape of the hysteresis loops indicates a lowering in magnetic moment with the 
increasing temperature of the sample. The Hs, He and Ms have been extracted form 
the hysteresis loops. The antiferromagnetic exchange coupling Jaf is directly related 
to saturation field {Hs) and saturation magnetization (Ms) as 4Jaf — HsMsIpm, 
where tpM is the thickness of the magnetic layer. Since the tpM is constant in the 
present case, the magnetic coupling between the magnetic layers is proportional to 
the product o{ Hs and Ms- The magnetic coupling and coercivity of the sample at 
various temperatures are shown in panel a and b respectively of the Fig. 8. 7. Magnetic 
coupling and coercivity drop with the increasing temperature. 
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Figure 8.7; Panel (a) shows the magnetic coupling strength of the superlattice with 
3 u.c. spacer layer at different temperatures. Solid line in the figure is a guide to the 
eye. The coercive field of the same sample at various temperatures is shown in the 
lower panel (b). 
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8.2.3 Electrical resistivity and magnetoresistance 



Figure 8.8: The zero-field and in-field (4 tesla) temperature dependent resistivity 
of the superlattices with 20 u.c. thick LCMO and different thicknesses of ESMO 
deposited on {001) oriented LAO. 

The zero-field and in-field {4 tesla) temperature dependent resistivities for. six 
samples with 20 u.c. thick magnetic layers and different thicknesses of the spacer 
layer are shown in Fig. 8.8. The zero-field resistivity of the superlattice with n = i is 
thermally activated on cooling below room temperature down to a temperature Tc 
at which it reaches a peak value. At temperatures below Tc, the resistivity is metal - 
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like {positive dp/dT) down to 4.2 K. A qualitatively similar behavior, with a higher 
resistivity and lower is seen in samples with n — 2 and 3. On increasing the spacer 
layer thickness to 4 u.c., the p{T) is thermally activated below room temperature 
down to ~ 220 K, and then becomes metal - like in the temperature window of 25 K 
to 200 K. Below 25 K however, resistivity is again thermally activated. A qualitatively 
similar behavior with a smaller metal - like window, is seen for sample with n = 5. For 
the sample with n = 6, the resistivity is thermally activated below room temperature 
down to ~ 70 K. Below 70 K the sample shows metallic behavior down io ^ 40 K 
and then becomes thermally activated. The zero-field resistivity of the samples with 
n = 7, 8 and 9 is quite similar to that of the sample with n = 6 . The p{ T) of the 
sample with n — 10 on the other hand, remains thermally activated over the entire 
temperature range. 



Figure 8.9: Magnetoresistance at 4 tesla of {20 u.c.) LCMO/{n u.c.) ESMO 
superlattices deposited on {001) LAO. Inset shows the MR at 5 A as a function 
of the spacer layer thickness. 
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The presence of 4 tesla field affects the p{T) of n = 1 to 9 samples in three 
distinct ways. There are (i) increase of Tc, (m) increase in the width of the metallic 
region and {iii) large magnetoresistance in the vicinity of the Tc- The resistivity of 
the sample with n = 10 undergoes a remarkable change on application of the field. 
The p{T) curve now develops the metal - like feature over a narrow range of temper- 
ature 45 K to 75 K. 



Figure 8.10: Magnetic field dependence of magnetoresistance at 5 K for superlattices 
with 20 u.c. thick LCMO and 2, 4 and 8 u.c. thick ESMO. Data for a complete cycle 
between + 4 tesla and - 4 tesla are shown. A field increasing part of the second cycle 
for the superlattice with 2 u.c. spacer is also shown. The direction of the magnetic 
field scan is marked by arrows. 
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The qualitative behavior of the magnetoresistance of the superlattices with n > 6 is 
quite similar to that of the superlattice with n= 6. The magnetoresistance of various 
samples at 5 if is shown in the inset of Fig. 8.9. 

The magnetic field dependence of magnetoresistance at 5 if of the superlattices 
with n = 2, 4 and 8 deposited on LAO is shown in the Fig. 8.10. The figure includes 
the MR data as the magnetic field is scanned between + 4 to 4 tesla. For the 
superlattice with n = 2, we also show the field increasing branch of MR during the 
second field sweep. The MR during the second sweep cycle does not trace the path 
taken during the first sweep. As the magnetic field increases, the MR raises rapidly 
up to a characteristic field {R*s)- Above H*g, the magnetoresistance shows a gradual 
increase with field and does not saturate even at 4 tesla. The change in MR with field 
is symmetric for + ve and — ve field sweeps. The magnetoresistance of these samples 
at 50 K with the similar variation of the magnetic field is shown in the Fig. 8.11. The 
MR is symmetric and reversible in both the cases. 

8.3 Discussion 

The c - axis lattice parameter of the superlattice with n = 1 is 3. 903 A. 
When compared with the lattice parameter of the substrate and the constituents 
LCMO and ESMO separately, this shows presence of strain and lattice distortion at 
the interfaces. A 1 u.c. thick spacer layer of paramagnetic ESMO drastically changes 
the magnetic properties of LCMO in the super lattice. The Curie temperature and 
saturation magnetization of the superlattice with n = 1 are 224 K and 2.23 Hq 
respectively. In pure LCMO films these are ~ 247 K and 3.64 Ms respectively. This 
large drop in Tc and Ms of LCMO in the superlattice with n = 1 clearly suggests 
the presence canted or frustrated spins in the vicinity of the interfaces. To identify 
the effect of spacer layer in Fig. 8.12 we show the variation of Tc, Ms and as a 
function of spacer layer thickness. The transition temperatures of various superlattices 
extracted from p{T) and M(T) and saturation magnetization extracted from M{H) 
loops are shown in the panel a and b respectively of Fig. 8.12. Transition temperature 
decreases linearly with the increasing spacer layer thickness while Ms shows a drop 
followed by saturation at the higher spacer layer thickness. The Mr extracted from 
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M{H) loops is shown in the panel (c) in Fig. 8.12. The behavior of Mr is same as that 
of Ms- The initial decrease in Ms and Mr with the spacer layer thickness suggest an 
increase in the length of canted spin region in the LCMO layers. The variation of this 
region in the LCMO layers for various samples is shown in the Fig. 8.13. The region 
of spin disordered/canting increases with the increasing spacer layer thickness and 
then saturates. We attribute this spin disorder to deformation of MnOe octahedra 
due to the presence of >1 - site ions with different size. The disordered spin region 
seems to posses both structural and magnetic disorder. 



Spacer layer thickness (u.c.) 


Figure 8.12: Panel (a) shows the transition temperature Tc of the superlattices 
as function of the spacer layer thickness, the Tc was deduced from resistivity and 
magnetization measurements. Magnetic moment of the superlattices at 7000 Gauss 
and 10 K is shown in panel (b) for different spacer layer thicknesses. Remnant moment 
of superlattices is shown in the lower panel (c). Sold lines in panels a, b and c are 
guide to the eye. 
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Figure 8.13: Thickness of LCMO from the interface over which a significant spin 
disorder exits is plotted as a function of n. 


We have observed exchange biasing in the superlattice consisting of ferromag- 
netic LCMO and paramagnetic ESMO. The coercivity and high - field magnetization 
in field-cooled M{H) are larger as compared to the values in the ZFC - M{H) for 
these samples. The FC - M{H) measurements were performed by cooling the sample 
down to 10 K in 0.7 tesla (the saturation field of LCMO is 0.6 tesla). The inter- 
facial region with structural and magnetic disorder seems to be responsible for the 
displacement of field-cooled M{H) loop center towards the negative field as seen in 
the Fig. 8.5. The magnitude of this shift is equal to the effective field associated with 
the interlayer exchange coupling. The exchange coupling between the ferromagnetic 
and antiferromagnetic layers is defined as J= where MpM and tpM are 

the saturation magnetization and the thickness of the ferromagnetic layer respectively. 
Since the spins of and Mn^'^ ions in LCMO layers in the interface region are 
frozen, W is the effective LCMO thickness in which spins are ordered. Using satu- 
ration magnetization of a 500 u.c. thick LCMO film and extracted values of Heb and 
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tpM from the ZFC and FC hysteresis loops we have calculated the value of exchange 
coupling at the interfaces. The exchange coupling increases monotonically with the 
spacer layer thickness. Kiwi et al. [171] have proposed the so called frozen interface 
model for exchange coupling in ferromagnetic - antiferromagnetic magnetic structures. 
The frozen interfaces possess canted magnetic configurations. Christides et al. [172] 
have used this model to describe the exchange coupling in superlatl ices consisting of 
ferromagnetic Lao.eeCao.ssMnOs and antiferromagnetic Lai/3Ca2/3^^03. 

The qualitative behavior of p( T) for the superlattices with n < 5 is similar 
to that of a thick epitaxial film of LCMO, but for a higher resistivity and lower Tc- 
Below Tc, the transport in the metal - like region can be explained on the basis of 
the double exchange model by taking into account of the presence of a spin disorder 
[66]. As the spacer layer thickness increase, the size of the spin disordered region in 
the LCMO increases leading to the suppression of double exchange transport. The 
p{T) of the samples with n = 6 to 10 shows thermally activated behavior down to 
~ 100 K. Lu et al. [97] have attributed the reduced Tc and high resistivity of the 
La2/3Bai/3Mn03/SrTi03 superlattices to the strong biaxial distortion due to lattice 
mismatch between the constituents. We attribute the increase in the resistivity and 
lower Tc of these samples to spin and lattice disorders at the interfaces. 

The presence of an external magnetic field modifies the magnetic state of the 
superlattices and hence their transport behavior. The dependence of magnetoresis- 
tance on temperature and magnetic field show several interesting features such as; (?) 
significantly large magnetoresistance below the Curie temperature, (m) a sharp in- 
crease in magnetoresistance at low temperature (< 30 K), {Hi) an enhanced low field 
magnetoresistance, {iv) high remanence MR in samples with thicker spacers, and (u), 
hysteretic behavior a,t T < 50 K. A large MR at low temperatures is also observed 
in the superlattices where the magnetic layers consisting Las/sBai/3Mn03 [^3, 97], 
Lao.6Sro.4Mn03 [92] and Lao.TCag.sMnOs [41, 43] and nonmagnetic layer SrTi03. 
Izumi et al. [92] suggested that this behavior could be due to spin canting at the 
interfaces. We believe that the processes such as pinning of the t^g spins at the inter- 
faces, localization of carriers in the spacer layers, and the tunneling of spin - polarized 
carriers through the spacer layer will also contribute to MR in these systems. 
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8 . 4 Conclusions 

We have measured electrical and magnetic behaviors of Lao.rCao.sMnOsf 
Ero^'fSro.sMnOs superlattices. The magnetoresistance at the lowest temperatures 
{T < 150 K) rises with the increase in spacer layer thickness, and approaches 100 % 
in the sample with 10 u.c. thick spacer layer. The magnetoresistance at T < 50 K 
also shows a steep increase up to a critical field ITg, which shifts to the higher val- 
ues with the increasing spacer layer thickness. These samples also show a giant loss 
of magnetic moment per Mn site in Lao. /Cao.aMnOs as the spacer layer thickness 
is increased. This phenomenon strongly suggests spin frustration at the interfaces. 
The ZFC hysteresis loop in these samples is symmetric around the zero-field and FC 
hysteresis loop shifted towards negative fields. This is also indicative of a significant 
disorder of the magnetic origin at the interfaces. 




Chapter 9 


Conclusions and scope for further 
research 


This chapter presents a summary of the main results of this thesis. We 
have successfully used pulse laser deposition method to synthesize thin films on 
superlattices of some doped transition metal oxides. The electrical resistivity, 
magnetoresistance and magnetic properties of the superlattices have been measured. 
These studies have facilitated understating of interlayer exchange coupling, colossal 
magnetoresistance in oxide - based superlattices. The chapter ends with identification 
of some interesting issues for further research. 
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9.1 Fabrication of thin films and superlattices 

Pulsed laser deposition is a powerful method for deposition of thin films and 
multilayers of multielemental oxides. Using this technique we have synthesized 
several thin films and superlattices of hole - doped manganites and LaNiO$. We 
have optimized film properties against variations in deposition parameters such as 
areal energy density, laser repetition rate, target to substrate distance, substrate 
temperature and ambient pressure. 

The resistivity of these films varies by several orders of magnitudes on changing 
temperature, composition and magnetic field. We have used both constant voltage 
as well as constant current methods to measure resistivity. The magnetoresistance has 
been measured in both current-in-plane and current-perpendicular-to-plane 
geometries. High Tc thin films were used for CPP measurement. The magnetic 
behavior of the sample was measured using a SQUID - magnetometer. 


9.2 Single layer films of magnetic and 
non-magnetic character 

The properties of thin films are influenced by the nature of the substrate, which 
largely controls growth morphology, defect structure and level of stress. However, 
stress in thin films is gradually relieved with the increase of film thickness. The 
resistivity of bulk samples changes dramatically when they are prepared in the form 
of epitaxial film. In the case of LCMO deposited on LAO, the resistivity at small 
thickness is thermally activated down to the lowest temperature. The hysteretic and 
history dependent insulating behavior seen in the ferromagnetic state of these films 
suggests coexistence of ferromagnetic metal - like and non-magnetic insulator - like 
regions. 

In the ultra thin films of LNO deposited on LAO with STO or LCMO buflfer 
layer, the resistivity is mostly metal - like but for an upturn at the lowest temperature. 
The resistivity of Er o.tSt o.sMnO 3 films is thermally activated over the entire 
temperature range oi 2 Kto 300 K. The magnetoresistance of LCMO films increases 
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as the film thickness decreases. While the magnetoresistance of LNO and ESMO is 
negligible even at 4 tesla magnetic field. 

9.3 Colossal magnetoresistance in LCMO/LNO 
superlattices 

Series of superlattices consisting of LCMO and LNO have been synthesized. 
X - ray diffraction studies reveal the presence of epitaxy and structural modulation. 
The angular separation between first order satellite peaks becomes wider as the 
spacer layer thickness decreases. The variation of c - axis lattice parameter of the 
superlattices with the spacer layer thickness suggests the presence of substrate induced 
stress. The level of stress depends on whether the film is deposited on SrTiOs or 
LaAXOg. 

In the case of the superlattices with 10 u.c. thick LCMO layer, the 

temperature dependent resistivity shows insulator-to-metal-like behavior as the spacer 

layer thickness increases from 2 u.c. to 10 u.c.. We attributed the insulating behavior 

to the presence of a disordered interfacial phase at LCMO — LNO interfaces. A 

parallel resistor model where in the resistance of the disordered interfacial region is 

considered explicitly, reproduces the broad features of the p{T) curve. Our structural 

PKiwe - 

and magnetization studies indicate that the disordered at the interface is of magnetic 
as well as structural origin. We attribute the disordered interfacial region to lattice- 
mismatch-related strain and truncation of the 3D - coordination of the magnetic 
ions. 

The insulating sample show enhanced low-field and low-temperature negative 
MR. The magnetoresistance is hysteretic in magnetic field below ~ 20 K, and shows 
weak magnetorelaxor-type behavior. 

The saturation field and remnant magnetization show antiferromagnetic 
interlayer coupling for n < 2, followed by an overdamped oscillatory behavior with a 
period ot ^ 4 u. c. with the increasing n. A lower value of saturation magnetization 
of the superlattices with n < 5 indicates the presence of spin frustration at the 
LCMO - LNO interfaces. All samples show negative magnetoresistance, the effect is 
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particularly large in samples where the magnetic coupling is antiferromagntic. 

The resistance perpendicular-to-plane of the superlattices sandwiched between 
two thin film YBCO electrodes is measured. The saturation moments and modeling 
of the perpendicular-to-plane resistance suggest disorder at the ferromagnetic ~ non- 
magnetic layer interfaces dominates the MR. 

9.4 Magnetoresistance of LCMO — ESMO 
super lattices 

The study of epitaxy and structural modulation in superlattice consisting of 
Lao.jCao.sMnOs and Ero.vSro.sMnOs were performed by using A' diffraction. The 
c - axis lattice parameter of the superlattices first increases and tlien saturates as the 
spacer layer thickness is increased from 1 u.c.io 10 u.c.. 

The sharp metal-insulator transition seen at the Curie temperature in LCMO 
films is suppressed in these superlattices as the ESMO spacer layer thickness increases 
above 1 u.c.. The magnetoresistance at low temperature {T < 150 K) is significantly 
large and approaches 100 % in samples with n > 8. The magnetoresistance at 
T < 50 K is also hysteretic and shows a steep increase up to a critical field U}, which 
shifts to the higher values with the increasing ESMO thickness. At 10 K, these 
samples also show a weak magnetorelaxor-type behavior. 

These samples also show a giant loss of magnetic moment per Mn site in LCMO 
as the spacer layer thickness is increased. This phenomenon strongly suggests spin 
frustration at the interfaces , of ferromagnetic LCMO and non-magnetic ESMO. 


9.5 Scope for further research 

1. Electron transport in ultra thin films of LCMO is non-linear at low temperature 
and high electric field. A similar behavior is expected in the superlattices with 
10 u.c. LCMOjn u.c. LNO. Careful measurements of non-liner effect need to 
be carried out in these systems as well. Measurements of frequency dependent 
conductivity will also be useful in this context. 
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2. Alternative measurements of oscillatory exchange coupling in the 
superlattices are desired. Experiments such as Brillouin light scattering and 
Kerr effect measurements will be useful. 

3. The nature of disordered interfacial phase needs to be probed through 
high resolution cross-sectional electron microscopy in conjunction with electron 
energy loss spectroscopy. Similarly, using specular and diffuse X - ray scattering, 
the interface morphology can be extracted and then related to the electron 
transport. The in-plane lattice structure of these samples can be studied using 
grazing angle diffraction and reflectivity. The satellite peaks can be verified 
using structural modeling. 

4. The GMR in 3d - transition metal based superlattices has been studied as 
a function of interface roughness, and interface alloying with magnetic and 
non-magnetic impurities. Similar studies on oxide - based multilayers are also 
desired. 
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